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1.  Introduction 


The  electromagnetic  band-gap  (EBG)  structure  is  a  type  of  grounded  textured 
surface  .  .that  prohibit  the  propagation  of  electromagnetic  waves  in  a  certain 
frequency  band  for  certain  arrival  angles  and  polarization. . .”.  (Volakis  2007)  EBG 
structures  have  attractive  features  in  transmission  with  application  to  frequency 
selective  surfaces  (ESS)  and  in  reflection  with  application  for  high-impedance 
surfaces  (HIS)  where  the  fields  are  reflected  in-phase.  The  in-phase  reflection 
property  of  the  EBG  structure  is  often  used  to  create  low-profile  antennas  with 
improved  gain  and  in  some  cases,  bandwidth.  Another  typical  antenna  application 
involves  reducing  coupling  between  antenna  elements  such  as  patch  arrays  by 
mitigating  surface  waves.  The  EBG  structure  is  typically  designed  using  either 
predefined  parameters  found  in  the  literature  or  through  the  use  of  an  analytical 
method  such  as  a  circuit  model  (CM)  or  transmission  line  model  (TEM)  and  in 
some  other  cases  through  optimization  software.  Image  Theory  (IT)  can  also  be 
used  to  analytically  or  numerically  calculate  the  source  antenna  impedance 
(typically  a  dipole)  and  the  radiation  pattern  of  the  source  antenna  and  its  image. 
The  EBG  structure  is  often  modeled  numerically  by  assuming  an  infinite  structure 
through  periodic  boundary  conditions  (PBC)  and  excited  with  a  plane  wave  for 
either  normal  or  off  axis  incidence.  Whether  designed  analytically  or  numerically, 
an  EBG  is  characterized  primarily  by  the  phase  of  the  reflection  coefficient,  cp, 
which  also  defines  the  operational  bandwidth  of  the  EBG  structure. 

What  bounds  the  EBG  bandwidth  appears  in  the  literature  to  be  debatable  as  there 
have  been  found  at  least  3  different  bandwidth  ranges:  cp  =  0°  ±  90°,  (Sievenpiper 
et  al.  1999)  0°  ±  45°,  (Hansen  2002)  and  90°  ±  45°.  (Volakis  2007;  Yang  and 
Rahmat-Samii  2003).  It  is  also  debatable  as  to  whether  or  not  vias  are  necessary  for 
an  EBG  structure.  Erom  the  literature,  via  usage  depends  on  the  EBG  surface 
impedance  since  when  positive  (inductive)  only  transverse  magnetic  (TM)  surface 
waves  are  supported  and  when  negative  (capacitive)  only  transverse  electric  (TE) 
surface  waves  are  supported  (McMichael  et  al.  2013).  So  for  antenna  applications 
the  use  of  vias  in  EBG  construction  will  depend  on  the  type  of  antenna  considered 
as  the  antenna  may  or  may  not  excite  TM  surface  waves  on  the  EBG  surface.  While 
vias  are  most  likely  found  in  microelectronic  circuits  as  either  interconnects 
between  layered  printed  circuit  boards  or  as  a  means  to  attenuate  surface  waves  that 
propagate  along  a  dielectric  boundary,  for  antenna  structures  (and  EBGs  in 
particular)  vias  are  often  used  for  the  latter  method  but  introduce  increased  costs 
and  greater  construction  difficulty.  For  this  report,  which  investigates  EBG 
excitation  by  a  thin  strip  dipole,  no  TM  surface  modes  exist  so  vias  should  not  be 
required;  nevertheless,  the  impact  of  including  vias  will  be  investigated. 
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The  goal  of  this  technical  report  is  to  summarize  typical  EBG  design  methods  and 
to  take  a  more  comprehensive  look  into  how  an  EBG  effects  the  performance  of  a 
particular  antenna,  in  this  case  a  resonant  thin  strip  dipole,  so  as  to  offer  a  more 
complete  characterization  of  an  EBG  for  a  specific  antenna  application  rather  than 
just  relying  on  cp.  The  CM,  TLM,  IT  and  PBC  methods  are  summarized  to  maintain 
consistency  with  what  has  already  been  done  by  other  authors  while  additional 
analysis  through  simulated  near  field  (NF)  results  for  the  electric  field  (E-field)  at 
the  EBG  surface  and  through  simulated  excitation  using  a  thin  strip  dipole  near  the 
EBG  surface  will  offer  a  more  in  depth  look  into  the  EBG  effect  on  a  specific 
antenna.  The  end  result  will  offer  a  more  insightful  characterization  of  the  EBG 
structure  for  excitation  by  a  strip  dipole  and  conclude  with  a  design  procedure  that 
does  not  rely  solely  upon  numerical  solutions  and  optimizations. 

This  report  first  summarizes  in  Section  2,  the  typical  analytical  and  numerical 
models  that  are  used  in  EBG  design.  Then  in  Section  3,  using  the  EBG  parameters 
referenced  in  the  antenna  engineering  handbook  (Volakis  2007)  (whose  source 
material  can  be  found  in  Yang  and  Rahmat-Samii  [2003]  the  simulation  software 
FEKO  (www.feko.info),  using  the  method  of  moments  (MoM),  is  validated  as  an 
accurate  full-wave  simulation  tool  for  EBG  design.  Following  up  in  Section  4, 
another  EBG,  which  does  not  possess  vias  or  a  dielectric  substrate  and  still 
functions  as  desired,  is  studied  both  analytically  and  numerically.  The  simulated 
impact  that  this  EBG  has  on  a  strip  dipole’s  performance  is  presented  in  detail  to 
highlight  key  effects  that  are  not  accounted  for  in  typical  EBG  analytical  or 
numerical  models.  Section  5  highlights  the  application  and  accuracy  of  the 
analytical  and  numerical  models  from  Section  2  for  antenna  applications, 
comments  on  the  operational  bandwidth  of  an  EBG  for  a  specific  antenna 
application  including  comparing  the  bandwidth  estimations  from  the  numerical  and 
analytical  models,  and  then  presents  antenna  specific  physical  parameters  for  EBG 
design.  The  goal  is  to  allow  the  antenna  engineer  to  design  an  EBG  for  a  specific 
antenna  while  only  having  to  simulate  the  antenna-EBG  structure,  instead  of 
approximating  the  EBG  characteristics,  which  are  often  not  sufficient  for  antennas. 

In  Section  6,  a  design  example  for  a  strip  dipole  excited  EBG  structure  for  the 
Wi-Fi  band  802.1  Ig/n  centered  at  2.437  GHz  is  presented  to  demonstrate  the 
antenna  specific  EBG  design  parameters.  The  effect  of  including  a  dielectric 
substrate  and  vias  on  the  strip  dipole’s  performance  in  the  presence  of  the  EBG  is 
also  investigated.  This  technical  report  concludes  with  a  detailed  summary 
highlighting  the  major  points  on  modeling  methods,  EBG  effects  on  the  strip  dipole, 
design  procedure,  physical  design  parameters,  and  effects  from  dielectric  substrates 
and  vias. 
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2.  Analytical  and  Numerical  Models  for  EBG  Design 


In  this  section,  the  current  popular  analytical  and  numerical  models  for  EBG  design 
are  summarized,  and  an  additional  numerical  method  that  simulates  an  antenna 
dependent  finite  EBG  is  introduced.  Typical  EBG  analytical  models  are 
approximate  but  allow  rapid  initial  design  and  some  insight  into  the  critical  EBG 
design  parameters.  The  commonly  used  numerical  model  can  be  more  accurate  for 
complex  structures  but  requires  an  infinitely  periodic  2-D  structure.  Optimization 
techniques  for  a  finite  structure  are  popular,  but  a  simple  method  to  find  a  first  order 
approximate  design  is  still  desired.  Regardless,  the  typical  analytical  and  numerical 
models  offer  only  general  insight  into  the  most  basic  EBG  features,  which  may  be 
fine  for  most  applications,  but  for  antenna  applications,  a  model  that  offers  specific 
insight  for  a  given  antenna  geometry  is  required  (antenna  dependent  model). 


2.1  The  Circuit  Model  Approach 


The  first  analytical  approach  is  the  circuit  model  that  is  constructed  from  the 
viewpoint  of  induced  current  flow  on  the  EBG  surface  using  either  a  plane  wave  or 
antenna  as  the  source.  The  CM  models  the  EBG  surface  as  a  frequency  dependent 
reactive  impedance  in  the  form  of  an  EC  tank  circuit  that  represent  unit  cells.  The 
CM  for  an  EBG  unit  cell  that  does  not  contain  vias  consists  of  a  parallel 
combination  of  a  gap  capacitance  between  the  patches,  Cg,  shunt  capacitance 
between  the  parallel  plates  of  the  unit  cell,  Cg,  and  shunt  inductance  between  the 
parallel  plates  of  the  unit  cell,  Lg.  The  CM  for  an  EBG  that  does  contain  vias  is  a 
parallel  combination  of  a  gap  capacitance  between  patches  and  shunt  inductance 
between  the  parallel  plates  (Eig.  1).  It  is  worth  noting  that  there  can  be  found,  in  the 
literature,  variations  for  approximating  the  gap  capacitance,  while  the  equation  for 
the  shunt  inductance  is  still  the  same  regardless  if  vias  are  included  or  not. 


Fig.  1  The  EBG  circuit  model  without  vias  (left)  and  with  vias  (right) 

Determining  where  the  inductance  comes  from  is  simple.  When  considering 
2  parallel  conducting  plates,  the  inductance  between  the  plates  is  solved  directly 
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from  the  magnetic  flux,  and  flux  linkage,  A.  Because  the  geometry  results  in 
only  1  turn,  the  flux  and  flux  linkage  are  equal,  iV  =  1,  making  the  inductance  easily 
calculated  (Fig.  2a).  With  the  inclusion  of  a  gap  to  split  the  top  conducting  plate 
into  smaller  plates,  only  the  unit  cells  of  the  EBG  can  be  considered  analogous  to 
the  parallel  conducting  plates.  The  gap  width  causes  a  small  mismatch  in  size 
between  the  2  plates,  but  if  the  gap  width  is  much  smaller  than  the  patch  width,  the 
inductance  between  the  unit  cell  plates  is  approximately  the  same  as  the  2  parallel 
plates.  When  a  via  is  included  in  the  EBG  unit  cell,  an  induced  current  that  flows 
through  the  via  creates  a  magnetic  field  between  the  plates  (Eig.  2b).  When  a  via  is 
not  included,  a  displacement  current  exists  between  the  plates  that  creates  the 
magnetic  field,  per  Ampere’s  Eaw  (Eig.  2c). 
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Fig.  2  a)  The  inductance  between  2  parallel  rectangular  conducting  plates,  b)  The  EBG 
unit  cell  with  via.  Induced  current,  /;,  through  the  via  creates  a  magnetic  field  between  the 
plates  per  Ampere’s  Law.  c)  The  EBG  unit  cell  without  via.  Displacement  current,  G,  between 
the  plates  creates  a  magnetic  field  per  Ampere’s  Law. 

As  said,  the  inductance  in  both  cases  is  solved  in  the  same  manner  as  the  parallel 
plate  example  (Sievenpiper  et  al.  1999;  Hayt  and  Buck  2006). 

Ls  =  fiofirh  .  (1) 

Where  h  is  the  thickness  of  the  EBG  unit  cell  and  the  relative  permeability,  —  1, 
since  only  dielectric  substrates  are  considered  in  this  report.  Note  that  because  the 
patterned  EBG  surface  is  backed  by  a  ground  plane,  this  thickness,  h,  is  a  critical 
design  parameter.  The  shunt  capacitance,  Cg,  is  approximated  using  the  well-known 
equation  for  the  capacitance  between  2  parallel  conducting  plates,  and  the  gap 
capacitance,  Cg,  can  be  approximated  using  the  also  well-known  2-wire  method 
(Hayt  and  Buck  2006). 
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The  variable  A  is  the  patch  area;  W is  the  patch  width;  g  is  the  gap  between  patches; 

is  the  effective  permittivity  for  a  substrate  having  relative  permittivity, 

£j.;  and  a  is  the  effective  radius  that  is  defined  as  one-half  the  thickness  of  the  patch 
(0.02  mm  for  1  oz  copper).  The  EBG  surface  impedance,  Zg,  and  reflection 
coefficient  (which  describes  the  impedance  mismatch  between  the  surface 
impedance  and  free  space  impedance),  f,  can  be  calculated  using  Eqs.  4  and  5 
(Palreddy  and  Zaghloul  2013). 
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Where  is  the  intrinsic  impedance  of  free  space  and  is  equal  to  12071.  The  resonant 
frequency,  (Uq,  that  corresponds  to  the  zero-phase  crossing  in  cp  can  be  calculated 
for  either  an  EBG  with  vias  (Eq.  6)  or  an  EBG  without  vias  (Eq.  7).  Including  the 
vias  in  the  EBG  simply  shorts  the  shunt  capacitance  in  the  CM. 

mo  =  ,  '  .  (6) 
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The  gap  capacitance,  Cg,  can  also  be  approximated  from  the  E-fields  within  the 
EBG  gaps  (field-gap)  using  Eq.  8  (Azad  and  Ali  2008).  An  advantage  to  Eq.  8  over 
Eq.  3  is  that  Eq.  8  does  not  require  an  approximation  of  the  patch  thickness  when 
simulations  use  zero  thickness  perfect  electric  conductors  (PEC);  however,  both 
equations  are  inaccurate  and  unstable  under  the  conditions  of  extremely  thin-gaps 
as  the  inverse  hyperbolic  cosine  function  grows  very  large  (Eq.  8)  or  very  small 
(Eq.  3).  Equation  8  will  give  a  larger  value  for  the  gap  capacitance  than 
Eq.  3. 
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The  CM  is  the  preferred  analytieal  model  for  EBG  design  as  it  is  simple  and  ean  be 
used  to  determine  the  dimensions  for  the  patehes,  gap,  and  thickness  while  it  can 
also  easily  estimate  the  operational  bandwidth  of  the  EBG.  However,  using  a  circuit 
model  for  any  structure  assumes  that  the  elements  that  make  up  the  lumped 
capacitances  and  inductances  are  much  smaller  than  a  wavelength  so  that  the  circuit 
does  not  radiate,  and  in  the  case  of  the  shunt  inductance  and  shunt  capacitance,  both 
equations  assume  that  the  fields  are  entirely  contained  within  the  unit  cell.  A 
particular  issue  with  the  inductance  is  that  the  equation  is  derived  assuming  a 
constant  and  uniform  current  distribution  on  the  parallel  plates  of  the  unit  cell,  but 
for  antenna  applications,  the  current  distribution  in  any  1  unit  cell  (much  less  the 
EBG  as  a  whole)  is  not  necessarily  constant  and  uniform.  The  circuit  model  also 
assumes  that  the  structure  is  uniform  and  semi-infinite,  which  is  also  not  true  in 
practice. 

These  simplifications  will  reduce  the  accuracy  of  the  analytical  model,  but  it  will 
not  prevent  a  good  first  start  using  the  CM  to  characterize  the  EBG  reflection- 
phase.  Even  with  the  simplification  of  an  electromagnetically  complicated  structure 
by  the  CM,  the  greatest  advantage  is  that  this  analytical  model  can  give  a  reasonable 
estimation  on  the  EBG  operational  bandwidth  assuming  it  is  an  impedance 
bandwidth  and  using  well-known  equations.  At  normal  incidence,  the  3-dB 
impedance  bandwidth  occurs  when  Zg  =  rjQ  —  1207r  (free  space  impedance)  or: 
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(9) 


which  can  be  simplified  for  typical  geometries  that  have  inductances  that  are  a  few 
orders  of  magnitude  larger  than  the  capacitances  (causing  the  second  order  terms 
to  be  very  small  and  negligible) 


0)  =  (jOq 


(10) 


where  Zq  is  the  characteristic  impedance  of  the  EC  circuit,  ojq  can  be 

calculated  using  Eq.  7,  and  C  —  Cg.  It  can  be  further  expanded  as  Zq  is  usually 
significantly  smaller  than  rjo . 
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Therefore,  the  3-dB  impedance  bandwidth  of  an  EBG  can  be  estimated  by: 

Am=mo^.  (12) 

Vo 

2.2  The  Transmission  Line  Approach  (TLM) 

The  second  analytical  approach  is  the  TLM,  which  computes  the  EBG  impedance 
from  the  perspective  of  an  electromagnetic  field  incident  on  the  EBG  surface  at 
some  angle  0  from  the  normal.  This  particular  TLM  can  be  found  in  (Luukkonen  et 
al.  2008),  where  a  2-wire  transmission  line  matched  to  free  space  is  terminated  by 
the  EBG.  The  input  impedance  to  the  EBG  structure,  Zj^j,  is  a  parallel  combination 
of  the  EBG  grid  impedance  attributed  to  the  textured  surface,  Zgi,  and  the 

impedance  of  a  shorted  length  of  transmission  line,  Zg,  created  by  the  metal-backed 
dielectric  slab,  see  Eig.  3. 


Zfn  =  V  + 

Zgi  and  Zg  can  be  calculated  for  either  a  TE  or  TM-polarized  field  that  is  incident 
at  some  angle  0  from  the  surface  normal. 
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Fig.  3  The  transmission  line  model  for  an  array  of  patches  on  top  of  a  metal-hacked 
dielectric  slab 


Here,  the  surface  impedance  is  written  in  dyadic  form,  which  can  be  split  into 
2  separate  impedances  for  the  TM  and  TE  cases.  The  variable  ?7e//  is  the  intrinsic 
impedance  with  respect  to  the  effective  permittivity,  is  the  effective  wave 
number  that  accounts  for  the  effect  of  the  substrate  on  the  grid  impedance, 
/?  =  7^^  -  h  is  the  tangential  component  of  the  wave  number  attributed  to 
the  incident  wave,  and  k  (=  /cqV^)  is  the  wave  number  in  the  dielectric.  The  grid 
parameter,  a,  in  Eqs.  14a  and  14b,  is  dimensionless  and  can  be  calculated  with  the 
following  equation; 


^eff^  1 

a  =  In 
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(16) 


The  grid  parameter  characterizes  the  physical  features  of  the  EBG  surface  and  is 
dependent  upon  the  substrate  thickness,  h,  the  unit  cell  periodicity  D  =  W  +  g,  and 
the  gap  width,  g.  Elsing  Eqs.  13,  14a,  and  15,  the  EBG  input  impedance  for  a  TM- 
polarized  incident  field  is  found  by: 


yTM  _  ^(cosez) 

^in  tan(/?/i). 
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and  the  EBG  input  impedance  for  a  TE-polarized  incident  field  using  Eqs.  13,  14b, 
and  15  is: 
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The  angle  02  can  be  calculated  using  Snell’s  law  of  refraction  and  the  angle  of 

The  impedance  mismatch  to  free  space  (reflection 

coefficient)  at  the  EBG  surface  can  be  computed  using  Eq.  5,  17  or  18,  and  the 
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following  equations  for  the  free  space  impedance  with  incident  angle  and  mode 
dependency. 


Z™  =  r]Q  cos  9 


(19a) 


Vo 

cos  9 


(19b) 


When  considering  normal  incidence,  which  will  be  the  focus  of  this  report,  the  EBG 
input  impedance  for  both  TE  and  TM-polarized  incident  fields,  Zi^,  reduces  to: 


Z, 
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(20) 


The  TEM  can  be  considered  a  more  accurate  representation  for  the  input  impedance 
of  a  semi-infinite  EBG  structure.  Surface  illumination  by  an  electromagnetic  wave 
would  be  more  analogous  to  a  TEM  rather  than  a  circuit  model;  however,  the  TEM 
does  not  account  for  any  mutual  coupling  that  can  occur  between  representative 
loads  (much  like  the  circuit  model),  and  it  does  not  account  for  any  scattering  or 
edge  effects  that  could  have  an  appreciable  impact  on  an  antenna’s  performance 
(again  much  like  the  circuit  model).  In  fact,  under  small  argument  conditions,  the 
TEM  and  CM  for  all  intents  and  purposes  produce  the  same  results. 

Under  small  argument  conditions,  where  the  EBG  thickness  is  small  and  the  gap 
width  is  much  smaller  than  the  unit  cell  periodicity,  the  numerator  in  Eq.  20  reduces 
to  joifioh  and  with  some  simplification,  the  denominator  reduces  to 
1  —  0)^  (^))  Comparing  the  simplified  Eq.  20  with  Eqs.  1,  7, 

and  8  substituted  into  Eq.  4  shows  that  both  equations  are  nearly  the  same. 

7  _  _ j<^V-oh _ _  _ jt^V-ph _ 

in  ~  i-a,2(lM±£22cosh-il^)(A.o/i)  ^  ^ 


Because  of  the  small  argument  conditions,  the  unit  cell  periodicity,  D,  and  the  patch 

2 

width,  W,  are  effectively  the  same,  but  the  2  equations  differ  with  the  factor  of  -  in 

the  argument  of  the  natural  logarithm  for  the  TEM  and  the  inclusion  of  an  inverse 
hyperbolic  cosine  function  instead  of  a  logarithmic  function  in  the  CM  (which  will 
grow  faster  than  the  natural  logarithm).  The  similarity  between  models  under  small 
argument  conditions  is  only  seen  for  the  case  where  vias  are  included.  Also,  under 
the  small  argument  conditions,  estimating  the  EBG  operational  bandwidth  with  the 
TEM  is  estimated  the  same  way  as  it  is  done  with  the  CM.  When  not  using  small 
argument  conditions  and  vias,  however,  a  numerical  software  package  must  be  used 
to  solve  the  transcendental  equation  to  determine  the  bandwidth  from  the  TEM 
based  on  the  desired  cp. 
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2.3  Image  Theory  Approximation 


The  last  analytical  model  is  image  theory,  which  can  be  used  to  represent  the  EBG 
structure  by  an  image  dipole  in  the  NF  of  a  source  dipole  (Hansen  2002),  see 
Fig.  4.  This  model  assumes  an  infinite  plane  and  that  the  ground  plane  does  not 
support  surface  waves.  Based  on  the  mutual  impedance  between  the  source  dipole 
and  its  image,  an  optimum  phase  difference  can  be  determined  to  provide  the  best 
impedance  match  to  a  given  feed  line  impedance  (McMichael  et  al.  2013).  The 
source  dipole  and  its  image  radiate  as  a  2  element  array  so  that  when  in-phase  the 
peak  gain  is  broadside.  For  radiation  into  the  upper  half  space  at  angle  0  from 
broadside,  the  phase  of  the  image  depends  on  the  separation  distance  according  to, 

q)  —  kd  cos(90  —  6)  ,  (22) 

where  the  electrical  separation  distance,  kd,  would  also  account  for  the  FBG 
thickness.  With  ^  spacing,  the  array  radiates  in  the  end-fire  direction  when 

(p  —  180°  (just  as  for  a  PEC  surface  at  ^),  but  for  small  separation,  the  progressive 
phase  shift  would  be  adjusted  accordingly.  In  free  space  with  an  EBG  thickness  of 
^  the  separation  distance  is  ^  so  the  image  dipole  should  have  a  phase  difference 

of  ^  =  72°  to  radiate  in  the  end- fire  (upward)  direction.  This  is  the  phase  of  the 
EBG  reflection  coefficient  only  for  thin  EBG  structures  since  the  ground  plane  is 
at  some  distance  from  the  source  dipole.  When  the  dipole  height  above  the  EBG 
surface  is  small  and  the  EBG  is  thick,  the  reflection  coefficient  phase  could  still  be 
near  0°  corresponding  to  the  image  dipole  contribution  being  in  phase  at  the  source 
position. 


Source 

Dipole 


Image 

Dipole 

Fig.  4  A  source  dipole  and  its  image  in  an  infinite  ground  plane 

The  IT  method  can  be  used  to  calculate  the  mutual  coupling  between  the  dipole  and 
its  image,  where  the  antenna  input  impedance  is  modified  by  the  mutual  impedance 
(McMichael  2013;  Abedin  and  Ali  2005). 


10 


Zd  =  Zii  +  , 


(23) 


where  'F  is  the  reflection-phase  of  the  ground  plane  (for  PEC  it  is  180°).  The  self 
and  mutual  impedance  terms  can  be  calculated  using  the  induced  EMF  method  for 
the  dipole  and  its  image  (Abedin  and  Ali  2005).  It  is  matched  when  the  input 
impedance  equals  the  source  impedance.  The  phase  of  the  mutual  impedance  can 
be  determined  to  enforce  this  condition,  but  this  matching  condition  is  at  a  single 
frequency  and  may  not  result  in  the  desired  radiation  pattern.  Different  EBG 
structures  could  give  a  desired  frequency  dependent  reflection-phase  but  not  all 
would  enhance  the  antenna  performance.  For  a  given  dipole  height  and  EBG 
thickness,  this  model  can  provide  insight  into  whether  the  EBG  performs  like  a 
pseudo-artificial  magnetic  conductor  (AMC)  or  pseudo-PEC  according  to  whether 
the  input  resistance  is  increased  or  decreased,  respectively.  This  report  will  not 
include  EBG  analysis  using  IT,  but  it  can  be  useful  to  optimize  the  impedance 
matching  for  a  give  antenna. 

2.4  The  Periodic  Boundary  Condition  (PBC)  Approach 

PBC  is  the  numerical  method  by  which  the  phase  of  an  EBG’s  reflection  coefficient 
can  be  determined.  It  is  the  most  commonly  used  method  to  simulate  an  EBG 
without  an  antenna.  This  numerical  solution  requires  creating  a  unit  cell  of  the  EBG 
and  placing  it  within  a  periodic  boundary  that  will  replicate  the  structure  to  make  it 
infinite  in  2  directions.  A  plane  wave  is  then  launched  either  on  the  surface  normal 
or  off  axis  in  order  to  calculate  the  transmission  and  reflection  coefficients 
associated  with  the  EBG  structure’s  impedance  mismatch  to  free  space.  For  antenna 
applications,  limiting  the  plane  wave  to  normal  incidence  is  often  sufficient  for 
simulating  the  EBG  without  an  antenna  present.  This  method  (just  as  with  the 
analytical  approaches)  uses  phase  of  the  reflection  coefficient,  with  reference  to  the 
EBG  surface,  as  the  only  means  to  characterize  the  EBG’s  operational  bandwidth, 
which  is  defined  over  some  range  of  frequencies  that  result  in  the  reflected  fields 
being  close  to  or  in  phase  with  the  source  fields. 

Traditionally,  the  bandwidth  of  the  EBG  is  centered  at  the  zero-phase  crossing  of 
the  reflection  coefficient  (Sievenpiper  et  al.  1999)  where  the  surface  is  said  to  act 
like  a  perfect  magnetic  conductor  (PMC)  but  as  mentioned,  what  bounds  this  center 
frequency  is  debatable.  PBC  does  not  offer  any  insight  into  this  ambiguity  to  help 
distinguish  what  range  of  frequencies  to  use.  It  has  other  drawbacks  as  well.  PBC 
is  based  on  a  plane  wave  approximation  and  does  not  include  edge  effects,  so  the 
reflection  coefficient  phase  determined  by  PBC  is  not  quite  the  same  as  for  an  EBG 
in  the  NF  of  an  antenna.  However,  a  major  advantage  to  this  method  is  reduced 
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simulation  time  and  computational  resources,  which  can  be  desirable  or  even 
critical  to  the  antenna  engineer. 

2.5  The  Phase  of  the  Near  Electric  Field  (NEF) 

A  particular  issue  with  the  analytical  models  and  PBC  is  that  each  one  characterizes 
an  EBG’s  performance  in  terms  of  the  phase  of  the  reflection  coefficient.  It  is  of 
particular  issue  because  the  reflection  coefficient  assumes  far-field  phenomenon, 
which  means  that  the  phase  of  interest  and  the  actual  phase  of  the  EBG  structure  in 
the  NE  of  an  antenna  may  not  be  the  same.  Another  issue  is  that  the  analytical 
models  and  PBC  study  an  infinite  structure  devoid  of  any  antenna  dependency. 
Studying  an  infinite  structure  may  be  misleading  as  it  may  not  accurately  describe 
the  characteristics  of  the  fabricated  EBG  structure,  and  not  including  an  antenna  in 
the  simulations  will  neglect  the  impact  that  the  antenna’s  physical  geometry  will 
have  on  the  phase  of  the  reflected  fields. 

This  report  includes  an  additional  analysis  technique  that  examines  the  phase  of  the 
scattered  dominate  near  E-field  component  at  the  EBG  surface  (in  the  case  of  a 
dipole  that  means  the  component  that  lies  parallel  to  the  dipole).  This  method  still 
requires  the  use  of  a  plane  wave  excitation  with  the  appropriate  polarization  just 
like  PBC,  but  its  advantage  is  that  a  finite  structure  is  studied  rather  than  an  infinite 
structure.  The  antenna  of  interest  (terminated  with  a  50-Q  load)  can  also  be  included 
with  the  EBG  structure  for  the  NE  analysis,  which  makes  the  analysis  dependent  on 
both  the  antenna  and  the  EBG,  giving  more  insight  into  the  EBG  for  a  particular 
antenna.  Studying  the  phase  of  the  scattered  NEE  is  also  more  analogous  to  the 
actual  physical  implementation  of  the  EBG  for  antenna  applications,  as  the  EBG  is 
in  the  antenna  NE.  This  method  is  called  the  NEE  method  and  will  be  used  in 
comparison  to  the  other  methods  for  characterizing  EBG  surfaces.  Erom  this  point 
onward,  the  phases  determined  by  the  PBC  and  NEE  with  dipole  simulations  will 
be  differentiated  and  referred  to  as  the  reflection-phase  and  scattered-phase, 
respectively. 

3.  Analysis  of  an  EBG  from  the  Antenna  Engineering  Handbook 

The  fourth  edition  of  the  antenna  engineering  handbook  (Volakis  2007),  presents 
design  parameters  for  2  different  EBGs.  The  first  is  what  is  most  commonly  seen 
in  the  literature  where  the  patch  widths  are  an  order  of  magnitude  smaller  than  the 
free  space  wavelength.  The  other  EBG  in  the  antenna  engineering  handbook, 
however,  stood  out  in  that  the  patch  widths  where  larger  than  typical  (a  factor  of 
8  times  smaller  than  the  free  space  wavelength)  and  the  operational  bandwidth  for 
best  impedance  matching  for  a  given  antenna  was  stated  to  be  within  the  phase 
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regime  of  90°  ±  45°  (Volakis  2007;  Yang  and  Rahmat-Samii  2003).  This  bandwidth 
was  determined  by  varying  the  length  of  a  given  dipole  so  as  to  determine  where 
its  return  loss  resulted  in  a  impedance  match  to  50  Q.  The  range  of  frequencies  over 
which  these  dipoles  were  matched  would  correspond  to  the  above  mentioned  phase 
regime.  The  literature  also  presented  3  E-plane  and  H-plane  patterns  corresponding 
to  3  dipoles  selected  from  the  test  group  that  were  matched  over  the  desired 
frequency  range. 

3.1  Numerical  Model  in  FEKO 

Expecting  that  EEKO  would  reproduce  the  published  results  reasonably,  the  EBG 
from  the  antenna  engineering  handbook  was  reconstructed  using  the  same  design 
parameters  and  excited  with  the  3  dipoles  whose  patterns  are  shown  in  the  text  and 
source  material.  The  referenced  EBG  is  designed  for  the  free  space  wavelength  of 
ki2GHz.  The  square  patches  have  a  width  0.12ki2GHz.  The  gap  width  separating  the 
patches  is  0.02ki2GHz,  and  the  EBG  thickness  is  0.04ki2GHz.  The  EBG  includes  vias 
with  a  radius  of  0.005ki2GHzand  has  a  dielectric  substrate  with  a  relative  dielectric 
constant  of  2.2.  Note  that  in  terms  of  the  wavelength  in  the  dielectric  substrate, 
All  —  “^5  the  patch  widths  are  actually  larger  relative  to  the  width  determined  from 

the  free  space  wavelength,  0.18kd=  — .  The  lengths  of  the  3  dipoles  are  0.48ki2GHz, 

5.6 

0.36ki2GHz,  and  0.32ki2GHz  and  all  have  the  same  radius  as  the  vias. 

The  dipoles  are  placed  at  a  height  of  0.02ki2GHz  above  the  surface  of  the  EBG.  The 
vias  were  simulated  using  cuboids  to  save  computational  time  and  resources.  It  was 
determined  that  the  use  of  PEC  cylinders  did  not  have  any  appreciable  effect  upon 
the  simulation  results.  It  should  also  be  noted  that  the  EBG  used  in  the  following 
sections  is  the  full  8  unit  cell  times  8  unit  cell  model  (Eig.  5)  rather  than  truncated 
to  ki2GHz  X  ki2GHz  bccause  there  was  some  confusion  as  to  which  model  was  actually 
used  in  the  source  material  (Yang  and  Rahmat-Samii  2003),  Also,  truncating  the 
outer  patches  may  introduce  unaccounted  for  effects  due  to  the  vias  near  the  edge 
of  the  truncated  EBG  possibly  radiating. 
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Fig.  5  The  reconstructed  FEKO  model  of  the  EBG  shown  in  Volakis  (2007)  and  Yang  and 
Rahmat-Samii  (2003) 

3.2  Numerical  and  Analytical  Results 

The  reflection  coefficient  for  the  dipoles  above  the  8  unit  cell  by  8  unit  cell  EBG 
as  described  in  Volakis  (2007)  and  in  Yang  and  Rahmat-Samii  (2003)  is  shown  in 
Fig.  6.  The  calculated  reflection  coefficient  using  MoM  shows  that  the  dipole 
resonant  frequencies  are  shifted  compared  to  the  time-domain  finite-difference 
(TDFD)  results  from  the  referenced  literature,  a  difference  of  about  800  MHz  for 
the  0.48ki2GHz  dipole,  680  MHz  for  the  0.36ki2GHz,  and  460  MHz  for  the  0.32ki2GHz 
dipole.  The  trend  in  resonant  frequency  is  as  expected  according  to  the  dipole 
lengths  (decreasing  as  the  dipole  length  increases),  but  the  dipoles  are  not  as  well 
matched  and  are  shifted  to  higher  frequencies  compared  to  the  published  results. 
Figures  7a  and  7b  show  the  E-plane  and  H-plane  directivity  patterns  for  the 
3  dipoles  at  12  GHz,  13.6  GHz,  and  15.3  GHz;  these  are  the  same  resonant 
frequencies  as  plotted  in  the  literature  (Volakis  2007  and  in  Yang  and  Rahmat- 
Samii  2003).  Both  the  E-plane  and  H-plane  patterns  for  the  0.36ki2GHz  dipole  and 
the  0.32  ki2GHz  look  reasonable  when  compared  to  the  published  results,  but  the 
0.48ki2GHz  dipole,  conversely,  looks  nothing  like  the  directivity  pattern  in  the 
published  results.  There  are  deep  nulls  about  ±30°  away  from  bore  sight  in  the 
E-plane  pattern,  and  the  peak  directivity  is  about  zero  dBi  instead  of  the  claimed 
8  dBi  in  the  literature. 
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Fig.  6  The  reflection  coefflcient  for  a  dipole  above  the  EBG  from  Volakis  (2007)  simulated 
in  FEKO  with  the  dipole  length  as  a  parameter 
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-  0,48at12G>t  .  0.36  aM  3.6  GHz - 0.32  at  15.3  GHz 


-  0.48  at  12  GHz  .  0.38  at  13.6  GHz - 0.32  at  16.3  GHz 


Fig.  7  The  dipole  directivity  patterns  at  the  frequencies  shown  in  Volakis  (2007).  a)  E-plane 
and  h)  H-plane 

When  looking  at  the  direetivity  patterns  that  eorrespond  to  the  resonant  frequencies 
calculated  by  FEKO,  Fig.  8a  and  b,  the  0.36ki2GHz  dipole  still  looks  reasonable.  The 
0.48ki2GHz  and  0.32ki2GHz  dipoles,  however,  still  do  not  agree  with  the  published 
results  shown  in  Volakis  (2007)  and  in  Yang  and  Rahmat-Samii  (2003).  Attempts 
were  made  with  the  TDFD  code  GEMS  (www.2comu.com)  to  better  reproduce  the 
results  from  the  published  literature;  however,  GEMS  agreed  with  the  results  from 
FEKO  instead  of  the  results  from  the  published  literature.  For  more  confirmation. 
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the  FEKO  models  were  simulated  with  High-Frequency  Structural  Simulator 
(HFSS)  (www.ansvs.com)  and  Computer  Simulation  Technology  (CSX) 
Microwave  Studio  (www.cst.com).  Ultimately,  the  results  from  the  antenna 
engineering  handbook  (Volakis  2007)  and  the  source  material  (Yang  and  Rahmat- 
Samii  2003)  could  not  be  reproduced  with  either  FFKO,  GFMS,  HFSS,  or  CSX. 


-  0.48  at  12.8  GHr  .  0.36  at  14.3  GHi - 0.32  at  16.8  GHr 
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-  0.48  at  12.8  Grt  .  0.36  at  14.3  GHi - 0.32  at  16.8  GHz 
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Fig.  8  The  dipole  directivity  patterns  at  the  resonant  freqnencies  calcnlated  hy  FEKO. 
a)  E-plane  and  h)  H-plane  h. 
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When  computing  the  transmission  and  reflection  coefficients  from  a  PBC  unit  cell 
in  FEKO,  the  phase  reference  can  be  defined  at  any  point  in  space.  It  was 
determined  from  the  literature  that  most  PBC  analysis  of  EBG’s  is  done  using 
TDED  that  requires  placing  an  observation  plane  in  a  region  where  there  are  only 
scattered  fields.  To  determine  the  reflection  coefficient  from  this  method  requires 
a  normalization  procedure  to  project  the  phase  reference  to  the  surface  of  the  EBG. 
This  procedure  is  found  in  Yang  and  Rahmat-Samii  (2003). 

The  normalization  process  is  fairly  straight  forward.  An  observational  plane  is 
placed  at  a  distance  of  0.5>.i2ghz  away  from  the  EBG  surface;  in  a  TDED  code,  this 
observational  plane  lies  in  the  scattered  field  region.  The  reflected  field  is  computed 
from  the  scattered  fields  detected  at  the  observational  plane.  This  reflected  field  is 
then  normalized  to  the  reflected  field  of  a  PEC  surface  that  is  placed  at  the  location 
of  the  EBG’s  surface  and  simulated  using  the  same  method.  A  phase  correction  of 
1 80°  is  then  added  to  the  phase  of  the  normalized  reflected  field,  thereby  projecting 
the  phase  reference  of  the  reflected  field  in  the  scattered  region  to  the  surface  of  the 
EBG. 

Two  PBC  simulations  were  done  in  order  to  see  if  the  normalization  method 
described  in  Yang  and  Rahmat-Samii  (2003)  and  the  phase  reference  of  the  EBG 
surface  from  EEKO  would  result  in  the  same  reflection  coefficient  phase.  Eigure  9 
shows  the  reflection  coefficient  phase  from  the  PBC  results  comparing  the  phase  at 
the  EBG  surface  to  the  normalized  phase.  The  normalized  phase  was  computed 
only  to  18  GHz  because,  as  can  be  seen  from  the  figure,  the  difference  between  the 
2  curves  is  negligible,  so  the  phase  reference  in  EEKO  gives  correct  results. 
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Fig.  9  The  FEKO  reflection  coefflcient  phase  at  the  EBG  surface  compared  to  the 
normalized  phase 

Comparing  the  results  from  FEKO’s  PBC  analysis  to  the  published  results  in  the 
antenna  engineering  handbook  (Volakis  2007)  and  the  source  material  (Yang  and 
Rahmat-Samii  2003),  the  zero-phase  crossing  is  shifted  from  what  looks  to  be  about 
17  GHz  in  the  published  literature  to  about  19  GHz  in  FEKO.  After  checking  the 
unit  cell  parameters,  fine  meshing,  and  using  square  and  then  cylindrical  vias,  it 
was  determined  that  the  model  results  were  correct.  In  GEMS,  the  position  of  the 
observation  plane  in  the  scattered  field  region  is  not  known  exactly  so  it  was  not 
used  for  comparison  to  FEKO’s  results  (Volakis  2007;  Yang  and  Rahmat-Samii 
2003). 

Applying  the  analytical  models  with  MATLAB  (www.mathworks.com)  to  the  EBG 
shows  varying  results.  The  CM  results  (using  both  equations  for  the  gap 
capacitance)  (Fig.  10),  agree  better  with  the  published  results  for  the  reflection- 
phase  as  the  2  approximations  bound  the  results  from  (Volakis  2007  and  from  Yang 
and  Rahmat-Smii  2003).  The  TLM  in  Fig.  11,  however,  shows  a  zero-phase 
crossing  in  the  reflection-phase  a  few  100  MHz  above  19  GHz  which  better  agrees 
with  the  results  from  FEKO  and  not  with  what  is  found  in  the  published  literature. 
Figure  12  plots  the  analytical  and  numerical  models  showing  the  difference 
between  the  CM,  TLM,  and  the  PBC  results  from  FEKO.  The  TLM  and  the  PBC 
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results  from  FEKO  were  validated  by  reproducing  the  published  results  seen  in 
Fig.  8  in  Luukkonen  et  al.  (2008)  (Fig.  13).  Because  the  published  results  from  from 
the  Fuukkonen  report  were  repeatable,  it  was  deemed  that  the  results  from  the  TFM 
and  the  FFKO  PBC  simulation  for  the  EBG  from  the  antenna  engineering  handbook 
(Volakis  2007)  and  the  reference  material  (Yang  and  Rahmat-Samii  2003)  are 
correct.  The  source  for  the  discrepancy  in  results  is  not  clear,  but  the  EBG 
parameters  provided  do  not  seem  to  correspond  to  the  published  results  in  Volakis 
(2007)  and  in  Yang  and  Rahmat-Samii  (2003). 


““  gap  w/ fringing  fields  gap  w/ twro-wire 


Frequency  [Ghtz] 


Fig.  10  The  reflection  coefflcient  phase  using  a  CM  for  the  EBG  from  Volakis  (2007)  and 
from  Yang  and  Rahmat-Samii  (2003) 
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Fig.  11  The  reflection  coefficient  phase  resnlts  nsing  a  TLM  for  the  EBG  from  Volakis 
(2007)  and  from  Yang  and  Rahmat-Samii  (2003) 


— — —  gap  w/ fringing  fields  --- 

— T-model 

-  PBC 

Fig.  12  The  comparison  of  the  analytical  and  nnmericals  models  for  the  EBG  from  Volakis 
(2007)  and  from  Yang  and  Rahmat-Samii  (2003) 
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Fig.  13  The  reflection  coefflcient  results  for  the  EBG  from  Luukkonen  et  al.  (2008) 

4.  EBG  Analysis  without  Vias  and  Substrate 

The  focus  of  this  section  will  be  on  a  modified  EBG  that  has  been  published  in 
Kamadin  et  al.  (2011)  and  its  simulated  effect  on  a  resonant  strip  dipole.  This  EBG 
does  not  have  vias.  The  patch  widths  and  EBG  thickness  of  the  original  model  were 
scaled  to  450  MHz  while  the  gap  width  was  left  the  same  as  that  found  in  the 
published  literature.  Table  1  lists  the  physical  specifications  of  the  EBG  along  with 
dimensions  normalized  to  the  free  space  wavelength,  A450MHZ.  Eigure  14  shows  the 
EEKO  model.  Eor  this  section,  a  dielectric  substrate  is  not  included.  The  dipoles 
used  in  this  section  are  planar  and  have  a  constant  trace  width  (w  =  4  mm)  small 
enough  so  that  the  dipole  can  be  considered  thin.  A  comparison  of  the  EBG  with 
thin  gaps  to  the  same  EBG  with  wide  gaps  and  the  impact  the  2  EBGs  have  on  the 
strip  dipole  is  also  made. 
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Table  1  Design  specifications  for  the  4x4  EBG 


Parameter 

Specifications 

Patch  width 

150.64  mm  G45omhz/4.4) 

Gap  width 

2.67  mm*  (Lj5omhz/250) 

EBG  thickness 

66.62  mm  G45omhz/10) 

Total  EBG  width 

610.56  mm  (-Ljsomhz) 

Fig.  14  The  FEKO  model  for  the  4x4  EBG  with  dimensions  snmmarized  in  Table  1 

4.1  Thin-Gap  EBG 

Since  the  patch  widths  were  increased  without  changing  the  periodicity,  the  EBG 
of  this  subsection  has  a  very  thin-gap  width,  being  ^  in  width.  The  various 

analytical  and  numerical  models  are  compared  to  investigate  which  method  is  best 
for  the  EBG  basic  design.  In  this  case,  the  periodicity  D  is  very  close  to  the  patch 
width,  with  —  =  0.98. 

’  D 
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4.1.1  EBG  Analysis:  Thin  Gap 

Figure  15  shows  results  from  the  CM  for  the  thin-gap  EBG.  Because  the  patches 
are  so  large  compared  to  the  gap  width,  an  additional  CM  is  included  where  only 
the  shunt  capacitance  is  contributing  by  neglecting  the  gap  capacitance,  Cg.  There 
is  a  significant  difference  between  the  2  different  approximations  for  the  gap 
capacitance  Cg,  as  the  result  of  the  2-wire  method  for  the  zero-phase  crossing  is 
259  MHz  and  the  result  of  the  field-gap  method  for  the  zero-phase  crossing  is 
207  MHz  with  a  steeper  slope.  So  for  such  a  thin  gap,  the  CM  approach  has  a  larger 
uncertainty.  For  the  case  where  the  shunt  capacitance  dominates,  the  zero-phase 
crossing  is  estimated  to  occur  at  317  MHz  and  shows  a  less  steep  slope  compared 
to  the  other  2.  Note  that  these  zero-phase  frequencies  are  much  lower  than  the 
preferred  scale  frequency  of  450  MHz.  In  typical  EBG  design,  it  is  expected  that 
the  design  frequency  corresponds  to  the  frequency  point  where  the  reflection 
coefficient  phase  crosses  zero. 

Figure  16  is  the  result  for  the  TLM  of  the  EBG.  The  zero-phase  crossing  calculated 
by  the  model  is  302  MHz.  Just  like  the  CM  results,  this  frequency  does  not 
correspond  to  the  scale  frequency  of  450  MHz  and  produces  a  different  reflection 
coefficient  phase  than  the  CM,  being  much  higher  than  both  gap  CMs  and  about 
15  MHz  lower  than  the  no-gap  CM.  The  PBC  results  (Fig.  17)  show  the  zero-phase 
crossing  for  the  EBG  is  at  332.8  MHz  and,  just  as  with  the  2  analytical  models,  is 
not  at  the  scaled  frequency  of  450  MHz.  PBC  does  show  a  less  steep  slope  that 
suggests  a  wider  operational  bandwidth.  Estimating  the  bandwidth  with  the  2 
analytical  models  show  very  different  results,  with  the  no-gap  CM  showing  the 
larger  bandwidth:  CMbw  =  140  MHz  versus  TEMbw  =  129  MHz.  Both  analytical 
model  bandwidths  assume  a  phase  range  of  0°  ±  90°,  so  measuring  the  same  phase 
range  on  the  PBC  results  shows  a  bandwidth  of  about  153  MHz,  larger  than  both 
analytical  models. 

Figure  18  shows  the  results  for  the  NEE  approach  with  and  without  a  450  MHz 
resonant  strip  dipole  terminated  in  a  50  Q  load.  Note  that  the  results  are  dependent 
on  the  antenna  termination,  so  the  appropriate  source  impedance  should  be  used. 
These  results  differ  greatly  from  the  reflection  coefficient  phase  determined  by  PBC 
and  the  analytical  models.  The  inclusion  of  the  strip  dipole  geometry  in  the  NEE 
simulation  has  a  significant  impact  on  the  phase  of  the  scattered  NEE,  especially  at 
lower  frequencies  where  the  phase  increased  by  an  amount  that  ranges  between  30° 
and  40°  and  now  peaks  at  about  140°  rather  than  110°.  There  is  less  of  an  effect  on 
the  phase  at  higher  frequencies,  where  the  change  is  a  5°  to  10°  more  negative  phase 
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Phase  [deg] 


with  the  strip  dipole  ineluded.  The  zero-phase  erossing  for  the  NEF  results  with  and 
without  the  strip  dipole  is  408  and  387  MHz,  a  differenee  of  75  and  54  MHz  from 
the  PBC  results,  respectively. 


—  —  —  gap  w/ fringing  fields  gapw/Two-Wire  .  — w/outgap 
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Fig.  15  The  reflection  coefflcient  phase  calculated  with  the  CM  for  the  4x4  thin-gap  EBG 
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T-Model 


Fig.  16  The  reflection  coefflcient  phase  calculated  with  the  TLM  for  the  4x4  thin-gap 
EBG 


PBC 


Fig.  17  The  reflection  coefflcient  phase  calculated  with  PBC  for  the  4x4  thin-gap  EBG 
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- NEF  -  NEF  with  450  MHz  dipole 
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Fig.  18  The  NF  phase  calculated  hy  FEKO  for  the  4x4  thin-gap  EBG  with  and  without  a 
450  MHz  load  terminated  resonant  strip  dipole 

The  NEF  results  also  show  more  structure  than  the  PBC  simulation,  with  phase 
oscillations  between  100  and  200  MHz  and  another  less  intense  oscillation  between 
500  and  600  MHz.  The  bandwidths  predicted  by  both  NEF  simulations  are  quite 
different  than  the  other  models  (as  can  be  seen  by  the  slope  of  the  curves),  but  the 
one  of  particular  interest  (and  will  be  the  focus  for  all  NEF  analysis  in  this  report) 
includes  the  resonant  strip  dipole  geometry.  The  antenna  included  NEF  simulation 
calculates  the  EBG  bandwidth  to  be  about  151  MHz.  The  bandwidths  calculated  by 
the  PBC  and  NEF  with  strip  dipole  are  practically  the  same,  and  of  the  2  analytical 
models,  the  no-gap  CM  is  the  closest  in  estimating  the  bandwidth  when  compared 
to  the  numerical  models. 

Figure  19  shows  the  results  for  the  analytical  and  numerical  models  together, 
highlighting  the  differences  between  them.  From  this  figure,  it  is  suggested  that  the 
CM  would  be  the  preferred  analytical  model,  but  considering  the  uncertainty  in  how 
the  capacitances  should  be  approximated,  the  TFM  would  be  preferred.  It  is  also 
obvious  that  the  CM  neglecting  Cg,  TFM,  and  PBC  agree  within  10-15  MHz  of 
each  other.  However,  those  3  results  have  no  agreement  at  all  with  the  NEF  results. 
It  is  important  to  note  that  while  the  PBC  and  NEF  with  dipole  results  show  similar 


27 


bandwidths,  the  range  of  frequeneies  that  correspond  to  those  bandwidths  are 
different.  The  NEF  with  dipole  shows  a  higher  frequency  range  than  the  PBC,  a 
difference  of  about  60  MHz.  With  the  phase  differences  between  the  PBC  (infinite 
structure)  and  NEF  (finite  structure)  simulations,  it  is  questionable  to  assume  the 
PBC  method  is  sufficient  for  EBG  design  when  antenna  applications  are 
considered.  Table  2  shows  the  different  bandwidth  ranges  taken  from  the  PBC  and 
NEF  with  dipole  curves. 


- gap  wl  fringing  fieids  --- 

-  T-Modei 

- w/out  gap  — 

-  PBC 

- tEF 

-  NEF  with  450  MHz  dipoie 

Fig.  19  The  results  from  the  analytical  and  numerical  models  for  the  4x4  thin-gap  EBG 
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Table  2  The  phase  ranges,  frequency  ranges  and  associated  bandwidths  for  the  4x4  thin- 
gap  EBG  determined  by  the  PBC  and  NEF  with  dipole  simulations 


Phase  Range 

Frequency  Range  (MHz) 

Bandwidth  (MHz) 

PBC 

NEF  with 
Dipole 

PBC 

NEF  with 
Dipole 

0°  ±  90° 

264-417 

323  -474 

153 

151 

0°  ±  45° 

302-366 

357  -430 

64 

73 

90°  ±  45° 

195  -302 

222  -  356 

107 

134 

4.1.2  Strip  Dipole  Analysis:  Thin  Gap 

When  using  an  EBG  for  antenna  applications,  it  is  important  to  understand  the 
impact  that  it  has  on  a  given  antenna.  This  means  understanding  how  the  EBG 
influences  the  input  impedance  of  an  antenna  by  reactive  loading,  how  the  EBG 
influences  the  gain  and  radiation  pattern  of  the  antenna,  and  how  well  an  antenna 
can  be  scaled  back  to  the  design  frequency  when  in  the  presence  of  the  EBG.  The 
goal  of  this  subsection  is  to  understand  the  EBG’s  influence  on  a  strip  dipole  whose 
free  space  resonance  corresponds  to  a  phase  angle  (±90°,  ±45°,  and  0°)  on  either 
the  PBC  curve  or  the  NEE  with  dipole  curve  (this  is  done  to  compare  the  2 
numerical  methods).  Table  3  lists  the  free  space  resonant  frequencies  of  the  dipoles 
and  the  corresponding  phase  angles  comparing  the  reflection-phase  and  the 
scattered-phase.  Performing  this  analysis  with  the  analytical  models  is  unnecessary, 
as  they  are  approximations  primarily  used  for  starting  the  design  process,  and 
comparing  the  2  numerical  methods  is  to  determine  which  one  is  preferred  for 
analyzing  an  EBG  for  antenna  applications. 

Eigure  20  shows  the  input  reflection  coefficient  for  the  dipoles  with  resonant 
lengths  scaled  to  different  frequencies  corresponding  to  the  reflection-phase  angles. 
The  same  scale  factor  is  used  for  each  dipole  length  to  achieve  an  exact  match  in 
free  space.  The  dipole  half-length  is  0.945  All  of  the  dipoles  except  for  the  -90° 

dipole  are  no  longer  matched  at  all  and  show  a  shift  to  lower  frequencies  that 
suggests  an  inductive  loading  effect  by  the  EBG.  There  is  also  a  higher  order  mode 
for  each  dipole,  but  it  is  matched  only  for  the  -90°  dipole  at  about  550  MHz.  It  is 
important  to  understand  how  the  EBG  effects  the  antenna  input  impedance  as  a 
function  of  frequency.  Eigure  21a  and  b  are  the  input  resistance  and  reactance  for 
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each  dipole.  There  is  a  plateau  in  the  resistance  that  spans  nearly  100  MHz  and 
improves  from  positive  phase  to  negative  phase  angles.  The  magnitude  of  this 
plateau  decreases  at  higher  frequencies,  which  suggests  that  a  higher  frequency 
dipole  would  see  impedance  bandwidth  improvements. 

Table  3  The  frequencies  corresponding  to  particular  reflection-phase  angles  and 
scattered-phase  angles  for  the  4x4  thin-gap  EBG 


Phase 

PBC  (MHz) 

NEE  (MHz) 

+90° 

264 

323 

+45° 

302 

357 

0° 

332 

387 

-45° 

366 

430 

1 

o 

o 

417 

474 

-  90  -  45  -  0  .  -45  -  -90 


Fig.  20  The  reflection  coefficient  for  the  resonant  strip  dipoles  designed  for  the  reflection- 
phase  angles  over  the  4x4  thin-gap  EBG 
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-  90  -  46  -  0  . 46  -  -90 


-  90  -  46  -  0  . 46  -  -90 


Fig.  21  a)  The  input  resistance  for  the  resonant  strip  dipoles  designed  for  the  reflection- 
phase  angles  over  the  4x4  thin-gap  EBG.  h)  The  input  reactance  for  the  resonant  strip  dipoles 
designed  for  the  reflection-phase  angles  over  the  4x4  thin-gap  EBG. 

A  similar  plateau,  though  less  obvious,  occurs  in  the  reactance  as  well.  The 
radiation  patterns  where  the  dipoles  are  best  matched  (Fig.  22a  and  b)  show  that 
although  all  phase  angles  but  -90°  are  not  matched  to  50  Q.,  all  of  the  dipoles  now 
have  more  directive  patterns  that  radiate  in  a  preferred  direction  instead  of 
omnidirectional.  Figure  23  shows  the  realized  gain  at  bore  sight  (9  =  90°,  0  =  0°) 
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versus  frequency  curve.  The  1-dBi  realized  gain  bandwidth  is  very  broad  for  the 
matched  dipole  and  is  nearly  3  times  larger  than  the  impedance  bandwidth 
(-10-dB  reflection  coefficient),  126  MHz  versus  46  MHz.  Based  upon  the  results 
from  the  reflection  coefficient  and  radiation  patterns,  the  EBG  bandwidth  would  be 
bounded  only  by  the  frequencies  that  correspond  to  reflection-phase  angles  that  are 
less  than  -90°  which  is  not  what  is  seen  in  the  published  literature. 

Figure  24  shows  the  input  reflection  coefficient  for  the  dipoles  with  resonant 
lengths  corresponding  to  the  scattered-phase.  From  0°  to  +90°  the  dipoles  are  not 
well  matched  to  50  Q,  with  0°  showing  a  mediocre  -10  dB  match.  The  2  dipoles  in 
the  negative  phase  regime,  however,  show  very  good  matching  and  broad 
impedance  bandwidths  (for  a  dipole).  Figure  25a  and  25b  show  the  resistance  and 
reactance  for  each  dipole.  It  is  clear  that  there  is  an  inductive  loading  effect  on  the 
input  impedance  characterized  by  a  resonance  occurring  at  a  lower  frequency.  As 
expected,  the  plateau  in  the  resistance  has  indeed  decreased  in  magnitude  for  the 
higher- frequency  dipoles.  The  wide  plateau  is  what  improves  the  dipole  impedance 
bandwidth.  The  magnitude  of  the  plateau  ranges  between  50  and  70  Q  for  the 
-45°  and  -90°  dipoles  over  the  frequency  range  of  400  to  500  MHz.  The  reactance 
also  has  a  flatter  slope  for  -45°  and  -90°,  showing  the  improvement  in  impedance 
bandwidth  by  nearly  a  factor  of  2. 
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-  90  -  45  -  0  .  -45  -  -90 


0 


a) 


180 


b) 

Fig.  22  The  realized  gain  pattern  for  the  resonant  strip  dipoles  designed  for  the  reflection- 
phase  angles  over  the  4x4  thin-gap  EBG.  a)  E-plane  and  h)  H-plane. 
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-  90  -  45  -  0  .  -45  -  -90 


Fig.  23  The  realized  gain  (0  =  90°,  </»  =  0°)  vs.  frequency  for  the  resonant  strip  dipoles 
designed  for  the  reflection-phase  angles  over  the  4x4  thin-gap  EBG 


-  90  -  45  -  0  . 45  -  -90 


Fig.  24  The  reflection  coefficient  for  the  resonant  strip  dipoles  designed  for  the  scattered- 
phase  angles  over  the  4x4  thin-gap  EBG 
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-  90  -  45  -  0  . 45  -  -90 


a) 


-  90  -  45  -  0  .  -45  -  -90 


b) 

Fig.  25  a)  The  input  resistance  for  the  resonant  strip  dipoles  designed  for  the  scattered- 
phase  angles  over  the  4x4  thin-gap  EBG.  h)  The  input  reactance  for  the  resonant  strip  dipoles 
designed  for  the  scattered-phase  angles  over  the  4x4  thin-gap  EBG. 


35 


Figure  26a  and  b  show  the  radiation  pattern  for  the  dipoles  where  best  matched.  All 
five  dipoles  show  very  directive  patterns,  even  the  +90°  dipole.  A  point  to  make  is 
that  these  patterns  do  not  vary  nearly  as  much  as  the  ones  in  Fig.  22a  and  b; 
however,  at  higher  frequencies,  the  H-plane  pattern  becomes  distorted,  suggesting 
that  any  dipoles  with  resonances  beyond  the  -90°  dipole  would  have  poor  patterns 
in  the  H-plane.  In  any  case,  the  EBG  still  improves  the  dipole  realized  gain  by  as 
much  as  6.5  dBi  when  matched.  Figure  27  shows  the  realized  gain  at  bore  sight 
(9  =  90°,  0  =  0°)  versus  frequency  curve.  The  1-dBi  bandwidth  is  still  wider  than 
the  impedance  bandwidth  although  the  difference  is  now  only  10  to  20  MHz  instead 
of  being  3  times  larger. 

From  the  simulation  results  of  the  reflection  coefficient,  impedance,  and  radiation 
pattern,  the  EBG  can  clearly  improve  the  impedance  bandwidth  and  pattern  of  a 
strip  dipole  over  some  frequency  range,  and  from  the  results,  the  corresponding 
phase  range  would  be  bounded  by  0°  and  -90°  (more  will  be  said  about  this  in 
Section  5).  The  reflection-phase  did  not  accurately  determine  what  this  frequency 
range  is,  whereas  the  scattered-phase  did.  This  suggests  that  if  an  EBG’s  bandwidth 
is  to  be  characterized  by  some  phase  curve  for  antenna  applications,  then  that  phase 
should  be  the  scattered-phase  and  not  the  reflection-phase.  Table  4  summarizes  the 
frequency  shift  due  to  the  loading  effect  and  the  new  resonant  frequencies  of  the 
strip  dipoles  in  the  presence  of  the  EBG. 
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-  90  -  45  -  0  . 45  -  -90 


0 


a) 


-  90  -  45  -  0  .  -45  -  -90 


0 


b) 


Fig  26  The  realized  gain  patterns  for  the  resonant  strip  dipoles  designed  for  the  scattered- 
phase  angles  over  the  4x4  thin-gap  EBG.  a)  E-plane  and  h)  H-plane. 
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-  90  -  45  -  0  . 45  -  -90 


Fig.  27  The  realized  gain  (0  =  90°,  </»  =  0°)  vs.  frequency  for  the  resonant  strip  dipoles 
designed  for  the  scattered-phase  angles  over  the  4x4  thin-gap  EBG 

Table  4  The  frequency  shift  amount  due  to  the  loading  effect  and  the  dipole  resonant 
frequencies  in  the  presence  of  the  4x4  thin-gap  EBG 


Phase  (deg) 

PBC  (MHz) 

Af  (MHz) 

NEE  (MHz) 

Af  (MHz) 

+90° 

253 

11 

295 

28 

+45° 

275 

27 

323 

34 

0° 

295 

37 

345 

42 

-45° 

318 

48 

385 

45 

-90° 

358 

59 

458 

16 

4.1.3  Strip  Dipole  Scalability:  Thin  Gap 

The  scalability  of  an  antenna  in  the  presence  of  an  EBG  can  determine  how  linear 
the  loading  effect  is.  The  frequency  shifts  tabulated  in  Table  4  are  different  for  each 
dipole,  which  means  that  the  dipoles  may  not  scale  linearly  when  in  the  presence 
of  the  EBG.  However,  it  may  be  possible  that  the  dipoles  will  scale  linearly  within 
a  particular  frequency  range.  This  subsection  highlights  the  scalability  of  both  the 
reflection-phase  dipoles  and  the  scattered-phase  dipoles.  Each  dipole’s  length  is 
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scaled  according  to  an  integer  multiple  of  a  common  frequency.  The  frequency  is 
determined  by  the  difference  between  the  dipole  resonant  frequency  that  shifted  the 
most  when  in  the  presence  of  the  EBG  and  the  target  frequency,  which  in  this  case 
is  450  MHz.  For  the  reflection-phase  dipoles  the  frequency  scale  factor  is  92  MHz, 
and  for  the  scattered-phase  dipoles  the  frequency  scale  factor  is 
65  MHz. 

From  the  reflection  coefficient  for  the  reflection-phase  dipoles  (Fig.  28)  only  the 
^5°  and  -90°  dipoles  are  well  matched,  and  only  the  -90°  dipole  is  matched  at 
450  MHz.  The  other  3  dipoles  show  poor  matching,  which  means  that  these  dipoles 
did  not  scale  well.  The  dipole  resistance  (Fig.  29a)  has  a  plateau  that  spans  about 
100  MHz  with  a  magnitude  of  about  50  Q..  Fach  of  these  dipoles  would  be  well 
matched,  but  the  reactance  (Fig.  29b)  for  the  reflection-phase  dipoles  that  are  not 
matched  crosses  zero  at  much  higher  frequencies  (possibly  at  an  anti-resonance). 
There  are  also  large  variations  in  the  realized  gain  patterns  (Fig.  30)  at  450  MHz, 
but  even  the  reflection-phase  dipoles  that  are  not  matched  show  improved  gain.  The 
variation  in  the  patterns  is  more  easily  seen  in  the  realized  gain  versus  frequency 
plot  (Fig.  31)  where  the  gain  levels  vary  by  several  decibels.  Note  that  the  second 
mode  near  550  MHz  corresponds  to  a  bifurcated  beam. 


—  90  -  45  -  0  — . 45  -  -90 


Fig.  28  The  reflection  coefflcient  for  the  reflection-phase  dipoles  with  resonant  lengths 
scaled  to  450  MHz  in  the  presence  of  the  4x4  thin-gap  EBG 
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-  90  -  45  -  0  .  -45  -  -90 


a) 


-  90  -  45  -  0  .  -45  -  -90 


b) 


Fig.  29  a)  The  input  resistance  for  the  reflection-phase  dipoles  with  resonant  lengths  scaled 
to  450  MHz  in  the  presence  of  the  4x4  thin-gap  EBG.  h)  The  input  reactance  for  the  reflection- 
phase  dipoles  with  resonant  lengths  scaled  to  450  MHz  in  the  presence  of  the 
4x4  thin-gap  EBG. 
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-  90  -  45  -  0  . 45  -  -90 


0 


b) 


Fig.  30  The  realized  gain  pattern  for  the  reflection-phase  dipoles  with  resonant  lengths 
scaled  to  450  MHz  in  the  presence  of  the  4x4  thin-gap  EBG.  a)  E-plane  and  h)  H-plane. 
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-  90  -  45  -  0  . 45  -  -90 


Fig.  31  The  realized  gain  (0  =  90°,  </>  =  0°)  vs.  frequency  for  the  reflection-phase  dipoles 
with  resonant  lengths  scaled  to  450  MHz  in  the  presence  of  the  4x4  thin-gap  EBG 

The  same  procedure  was  repeated  for  the  scattered-phase  dipoles  with  the  exception 
of  the  -90°  dipole  as  its  reflection  coefficient  was  already  near  450  MHz.  As  said 
before,  the  dipole  lengths  are  scaled  according  to  an  integer  multiple  of  a  common 
scale  frequency  of  65  MHz.  Figure  32  shows  the  reflection  coefficient  for  the  scaled 
dipoles,  where  the  4  dipoles  that  were  scaled  are  now  matched  but  not  at  450  MHz 
with  the  exception  of  the  -45°  dipole.  The  reflection  coefficients  are  more  tightly 
grouped  for  the  scattered-phase  dipoles  compared  to  the  reflection  coefficients  of 
the  reflection-phase  dipoles  in  Fig.  28.  As  with  the  reflection-phase  dipoles,  the 
plateau  in  the  resistance  (Fig.  33a)  shows  a  broad  match  to  50  Q,  but  only  the  ^5° 
dipole  is  resonant  in  the  band  of  that  plateau  (Fig.  33b).  The  other  dipole  resonant 
lengths  have  been  reduced  too  much,  so  that  a  larger  impedance  bandwidth  cannot 
be  obtained.  While  the  scattered-phase  dipoles  may  not  be  well  matched  at  the 
target  frequency,  there  is  much  less  variation  in  the  radiation  pattern  compared  to 
the  reflection-phase  dipoles  (Fig.  34)  and  the  gain  levels  (Fig.  35)  vary  less  as  well. 
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—  90  -  45  -  0  .  -45 


Fig.  32  The  reflection  coefficient  for  the  scattered-phase  dipoles  with  resonant  lengths  scaled 
to  450  MHz  in  the  presence  of  the  4x4  thin-gap  EBG 
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—  90  -  45  -  0  .  -45 


a) 


-  90  -  45  -  0  .  45 


b) 


Fig.  33  a)  The  input  resistance  for  the  scattered-phase  dipoles  with  resonant  lengths  scaled 
to  450  MHz  in  the  presence  of  the  4x4  thin-gap  EBG.  h)  The  input  reactance  for  the  scattered- 
phase  dipoles  with  resonant  lengths  scaled  to  450  MHz  in  the  presence  of  the 
4x4  thin-gap  EBG. 
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-  90  -  45  -  0  .  45 


0 


a) 


-  90  -  45  -  0  .  45 


0 


b) 


Fig.  34  The  realized  gain  pattern  for  the  scattered-phase  dipoles  with  resonant  lengths 
scaled  to  450  MHz  in  the  presence  of  the  4x4  thin-gap  EBG.  a)  E-plane  and  h)  H-plane. 


45 


-  90  -  45  -  0  .  -45 


Fig.  35  The  realized  gain  (0  =  90°,  0  =  0°)  vs.  frequency  for  the  scattered-phase  dipoles 
with  resonant  lengths  scaled  to  450  MHz  in  the  presence  of  the  4x4  thin-gap  EBG 

Comparing  the  reflection-phase  results  to  the  scattered-phase  results,  from  a 
simulation  standpoint,  it  is  obvious  that  it  is  the  phase  of  the  NFs  of  the  EBG  that 
need  to  be  considered  for  antenna  applications.  If  the  typical  bandwidth  range  is 
used  (0°  ±  90°)  then  the  reflection-phase  would  determine  the  bandwidth  to  be  over 
the  frequency  range  of  264-417  MHz,  yet,  when  dipoles  that  are  resonant  at  the 
frequencies  corresponding  to  particular  phase  angles  within  this  range  are  not 
matched  where  it  would  be  expected  (0°  should  give  the  best  results),  then  it  is 
questionable  to  suppose  that  the  reflection-phase  is  indeed  the  best  determination 
of  the  EBG’s  bandwidth  for  antenna  applications.  Instead,  the  scattered-phase  gave 
a  better  estimation  of  what  frequency  range  would  be  of  benefit  to  the  strip  dipole 
as  the  frequency  range  determined  by  the  antenna  dependent  finite  model  (0°  ±  90°) 
is  323^74  MHz,  and  the  dipoles  that  were  designed  for  particular  phase 
frequencies  within  the  range  showed  better  simulation  results. 

4.2  Wide-Gap  EBG 

In  this  section,  the  EBG  from  Section  4. 1  is  modified  slightly  by  scaling  the  gap  by 
the  same  factor  as  the  patches  so  that  the  gap  width  is  about  an  order  of  magnitude 
smaller  than  the  patch  width  or  ^  The  same  analysis  that  was  done  in 

Section  4.1  for  the  thin-gap  EBG  is  repeated  for  the  wide-gap  EBG. 
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4.2-1  EBG  Analysis:  Wide  Gap 

Just  as  with  the  thin  gap  EBG,  the  analytical  and  numerical  models  show  a  wide 
range  of  differences,  but  the  TLM,  PBC,  and  NEF  show  better  agreement  (Fig.  36). 
Unlike  with  the  thin-gap  EBG,  the  TLM  shows  better  agreement  with  PBC  and 
NEF  instead  of  the  no-gap  CM.  Here,  all  3  circuit  models  show  poor  agreement, 
and  given  the  relative  good  agreement  seen  for  the  TLM  in  Fig.  19,  the  preferred 
analytical  model  for  estimating  the  reflection  phase  would  be  the  TLM.  This 
implies  that  the  analytical  models  are  best  for  large-gap  widths,  given  the  equation’s 
dependency  on  logarithmic  and  inverse  hyperbolic  functions  that  decrease  rapidly 
with  small  arguments.  The  NEF  analysis  shows  an  even  greater  dissimilarity  to  the 
PBC  when  the  dipole  is  not  included,  but  when  the  dipole  is  included,  the  PBC  and 
NEF  with  dipole  more  closely  agree.  However,  the  NEF  with  dipole  now  shows  a 
much  smaller  bandwidth  than  the  PBC  in  all  phase  range  cases  but  most  significant 
at  0°  ±  90°  (217  versus  150  MHz),  see  Table  5. 


— — —  gap  w/ fringing  fields  --- 

-  T-Model 

wfoutgap 

-  PBC 

- rcF 

-  NEF  wiith  450  MHz  dipole 

-  200  300  400  500  600 


Frequency  [MHz] 

Fig.  36  The  results  from  the  analytical  and  numerical  models  for  the  4x4  wide-gap  EBG 
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Table  5  The  phase  ranges,  frequency  ranges  and  associated  bandwidths  for  the  4x4  wide- 
gap  EBG  determined  by  the  PBC  and  NEF  with  dipole  simulations 


Phase  Range 

(deg) 

Frequency  Range  (MHz) 

Bandwidth  (MHz) 

PBC 

NEF  with 

Dipole 

PBC 

NEF  with 

Dipole 

0°  ±  90° 

304-521 

367  -517 

217 

150 

0°  ±  45° 

357-447 

395  -467 

90 

72 

90°  ±  45° 

213-357 

312-395 

144 

83 

4.2.2  Strip  Dipole  Analysis:  Wide  Gap 

The  same  proeedure  used  in  Seetion  4.1.2  is  repeated  in  this  section  for  the  wide- 
gap  EBG.  Table  6  lists  the  intended  phase  angles  and  the  corresponding  frequencies 
determined  from  the  PBC  phase  (reflection-phase)  and  those  determined  using  the 
NEF  with  dipole  phase  (scattered-phase).  The  reflection  coefficients  for  the 
reflection-phase  dipoles  look  to  be  near  evenly  spaced  (Fig.  37).  The  separation 
between  each  reflection  coefficient  is  about  50  MHz,  with  the  exception  of  the 
-90°  dipole,  which  is  larger.  Also,  the  dipoles  that  are  resonant  in  the  negative 
reflection-phase  regime  are  now  matched  unlike  with  the  reflection-phase  dipoles 
in  the  presence  of  the  thin-gap  EBG  where  only  the  -90°  dipole  was  matched.  The 
higher  resonance  at  550  MHz  has  either  disappeared  or  has  been  shifted  to  a  higher 
frequency.  The  plateau  seen  in  the  resistance  for  the  resonant  dipoles  in  the 
presence  of  the  thin  gap  EBG  is  no  longer  present  for  dipoles  in  the  presence  of  the 
wide-gap  EBG  (Fig.  38a),  which  results  in  a  narrower  impedance  bandwidth. 

The  magnitude  of  the  resistance  is  largest  for  the  positive  reflection-phase  dipoles 
and  is  smallest  for  the  negative  reflection-phase  dipoles,  suggesting  that  the  higher 
frequency  dipoles  are  either  moving  into  or  are  within  the  frequency  range  of  the 
EBG  that  is  beneficial  to  the  antenna  performance.  This  behavior  can  also  be  seen 
in  the  input  reactance  of  the  reflection-phase  dipoles  (Fig.  38b),  where  the  slopes 
are  flatter  for  the  negative  reflection-phase  dipoles.  The  radiation  patterns  vary  less 
for  the  reflection-phase  dipoles  in  the  presence  of  the  wide-gap  EBG  than  the  thin- 
gap  EBG  (Fig.  39).  The  dipole  gains  are  still  improved  by  as  much  as  6.5  dBi,  but 
the  pattern  distortions  in  the  H-plane  are  now  more  noticeable  than  in  Fig.  22b.  The 
1-dBi  realized  gain  bandwidth  has  now  decreased  with  the  widening  of  the  gap 
(Fig.  40).  This  is  to  be  expected  given  that  the  50-Q  plateau  in  the 
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resistance  is  no  longer  present.  The  decrease  in  realized  gain  is  due  to  the  decreased 
impedance  bandwidth.  The  realized  gain  bandwidth  is  still  wider  than  the 
impedance  bandwidth  however,  by  about  10  MHz. 

Table  6  The  frequencies  corresponding  to  particular  reflection-phase  angles  and 
scattered-phase  angles  for  the  4x4  wide-gap  EBG 


Phase  (deg) 

PBC  (MHz) 

NEE  (MHz) 

+90° 

304 

367 

+45° 

357 

395 

0° 

400 

424 

-45° 

447 

467 

-90° 

521 

517 

—  90  -  45  -  0  .  -45  -  -90 


Fig.  37  The  reflection  coefficient  for  the  resonant  strip  dipoles  designed  for  the  reflection- 
phase  angles  over  the  4x4  wide-gap  EBG 
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Frequency  [MHz] 

a) 


—  90  -  45  -  0  .  -45  -  -90 


b) 


Fig.  38  a)  The  input  resistance  for  the  resonant  strip  dipoles  designed  for  the  reflection- 
phase  angles  over  the  4x4  wide-gap  EBG.  h)  The  input  reactance  for  the  resonant  strip 
dipoles  designed  for  the  reflection-phase  angles  over  the  4x4  wide-gap  EBG. 
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-  90  -  45  -  0  .  -45  -  -90 
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a) 


00  4d  0 

00 
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b) 


Fig.  39  The  realized  gain  patterns  for  the  resonant  strip  dipoles  designed  for  the  reflection- 
phase  angles  over  the  4x4  wide-gap  EBG.  a)  E-plane  and  h)  H-plane. 
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-  90  -  45  -  0  . 46  -  -90 


Fig.  40  The  realized  gain  (0  =  90°,  </>  =  0°)  vs.  frequency  for  the  resonant  strip  dipoles 
designed  for  the  reflection-phase  angles  over  the  4x4  wide-gap  EBG 

For  the  scattered-phase  dipoles,  only  +90°  is  not  matched  per  the  reflection 
coefficient  (Fig.  41)  unlike  the  reflection-phase  dipoles  where  only  3  of  the  dipoles 
were  matched.  The  dipole  resonant  frequencies  are  well  spaced  by  about 
25-30  MHz  and  show  decreased  impedance  bandwidth  compared  to  the  scattered- 
phase  dipoles  in  the  presence  of  the  thin-gap  EBG.  Just  as  with  the  reflection-phase 
dipoles,  the  plateau  in  the  resistance  is  no  longer  present  (Fig.  42a),  nor  are  the 
slopes  for  the  reactance  as  flat  (Fig.  42b)  compared  to  the  thin-gap  case.  The  near 
constant  separation  between  the  dipole  resonances  is  clearer  in  the  reactance. 

There  is  less  variation  in  the  radiation  pattern  compared  to  the  reflection-phase 
dipoles  in  the  presence  of  the  wide-gap  EBG  and  also  compared  to  the  scattered- 
phase  dipoles  in  the  presence  of  the  thin-gap  EBG  (Eig.  43).  Figure  44  shows  the 
bore  sight  realized  gain  (9  —  90°,  0  =  0°)  versus  frequency.  The  gain  curves  are 
more  tightly  grouped  than  the  realized  gain  versus  frequency  curves  for  the 
reflection-phase  dipoles,  showing  again  that  the  scattered-phase  better  determines 
the  frequency  range  for  the  EBG  that  is  beneficial  to  the  strip  dipole  performance. 
Table  7  summarizes  the  new  frequencies  for  the  best  impedance  match  and  the  shift 
in  frequency  due  to  the  loading  effect. 
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—  90  -  45  -  0  .  -45  -  -90 


Fig.  41  The  reflection  coefflcient  for  the  resonant  strip  dipoles  designed  for  the  scattered- 
phase  angles  over  the  4x4  wide-gap  EBG 
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b) 


Fig.  42  a)  The  input  resistance  for  the  resonant  strip  dipoles  designed  for  the  reflection- 
phase  angles  over  the  4x4  wide-gap  EBG.  h)  The  input  reactance  for  the  resonant  strip 
dipoles  designed  for  the  reflection-phase  angles  over  the  4x4  wide-gap  EBG. 
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Fig.  43  The  realized  gain  patterns  for  the  resonant  strip  dipoles  designed  for  the  reflection- 
phase  angles  over  the  4x4  wide-gap  EBG.  a)  E-plane  and  h)  H-plane. 
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Fig.  44  The  realized  gain  (0  =  90°,  </»  =  0°)  vs.  frequency  for  the  resonant  strip  dipoles 
designed  for  the  reflection-phase  angles  over  the  4x4  wide-gap  EBG 

Table  7  The  frequency  shift  amount  due  to  the  loading  effect  and  the  dipole  resonant 
frequencies  in  the  presence  of  the  4x4  wide-gap  EBG 


Phase  (deg) 

PBC  (MHz) 

Af(MHz) 

NEE  (MHz) 

Af  (MHz) 

+90° 

285 

19 

340 

27 

+45° 

333 

24 

368 

27 

0° 

373 

27 

424 

29 

-45° 

413 

34 

425 

42 

O 

O 

Os 

1 

475 

46 

468 

49 

The  wide-gap  EBG  appears  to  have  the  same  effects  as  the  thin-gap  EBG  on  the 
strip  dipoles  with  the  exception  that  the  thin-gap  EBG  offered  a  wider  impedance 
bandwidth,  which  led  to  a  wider  1  dBi  realized  gain  bandwidth.  The  pattern 
distortions  in  the  H-plane  were  also  not  as  prevalent  in  the  wide-gap  EBG  as  they 
were  in  the  thin-gap  EBG.  It  is  possible  that  the  smaller  predicted  EBG  bandwidth 
by  the  NEE  with  dipole  simulations  for  the  wide-gap  EBG  is  somehow  correlated 
to  the  smaller  impedance  bandwidths  for  the  strip  dipoles,  but  to  be  certain  would 
require  more  study.  However,  the  simulations  do  suggest  that  to  maximize  the 
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benefit  of  an  EBG  for  a  strip  dipole,  a  thin  gap  on  the  order  of  ^  would  be 

reeommended  for  maximum  impedanee  bandwidth  as  there  is  no  particular 
downside  to  using  a  thinner-gap  EBG,  only  an  upside. 

4.2-3  Strip  Dipole  Scalability:  Wide  Gap 

Because  the  wide  gap  EBG  led  to  a  more  uniform  spacing  for  both  the  reflection- 
phase  and  scattered-phase  dipole  reflection  coefficients,  it  is  expected  that  all  of  the 
dipoles  will  scale  much  more  linearly  in  the  presence  of  the  wide-gap  EBG.  The 
method  used  for  scaling  the  dipole  lengths  is  the  same  as  in  Section  4.1.3  except 
that  the  common  frequency  scale  factor  is  now  40  MHz  for  the  reflection-phase 
dipoles  and  42  MHz  for  the  scattered-phase  dipoles.  The  reflection-phase  dipoles 
scale  very  well,  and  look  to  have  done  so  linearly,  as  can  be  seen  in  the  reflection 
coefficient  (Eig.  45).  Each  of  the  dipoles  are  well  matched  at  450  MHz  with  the 
farthest  outlier  (90°)  lying  about  20  MHz  away  from  the  target  frequency.  The 
resistance  (Eig.  46a)  and  reactance  (Eig.  46b)  support  how  well  the  dipoles  scaled 
as  all  of  the  curves  lie  over  one  another.  To  further  show  how  linearly  the  dipoles 
scaled,  the  radiation  patterns  (Eig.  47)  show  near  zero  variation  that  can  be  seen  in 
the  realized  gain  (9  —  90°,  0  =  0°)  versus  frequency  plot  in  Eig.  48. 

The  scattered-phase  dipoles  also  scaled  better  than  their  thin-gap  EBG  counterparts, 
but  they  did  not  scale  as  well  as  the  reflection-phase  dipoles  did  in  the  presence  of 
the  wide-gap  EBG.  Note  that  the  -90°  dipole  was  not  scaled  because  it  was  already 
matched  at  the  desired  frequency.  The  4  dipoles  that  were  scaled  are  matched,  with 
3  of  the  4  (+45°,  0°,  and -45°)  matched  at  the  desired  frequency  (Eig.  49).  The  +45° 
and  +90°  scattered-phase  dipoles  were  shortened  too  much  in  the  scaling  process, 
although  from  the  resistance  and  reactance,  the  overcompensation  was  not  large 
(Eig.  50a  and  b).  A  small  adjustment  of  the  +45°  and  +90°  dipole  lengths  would 
render  them  in  line  with  the  other  dipoles.  The  radiation  patterns  show  even  less 
variation  between  the  4  dipoles,  even  for  the  farthest  outlier  at  +90°.  All  4  dipoles 
show  the  expected  directive  patterns  in  both  the  E-plane  and  H-plane,  though  the 
beginnings  of  pattern  distortion  show  in  the  H-plane  at  9  =  60°,  300°  (Eig.  51). 
The  realized  gain  versus  frequency  plot  (Eig.  52)  shows  that  the  overcompensation 
for  the  +45°  dipole  was  not  too  far  off  the  mark,  where  some  adjustment  would  be 
required  for  the  +90°  dipole. 
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Fig.  45  The  reflection  coefficient  for  the  reflection-phase  dipoles  with  resonant  lengths 
scaled  to  450  MHz  in  the  presence  of  the  4x4  wide-gap  EBG 


58 


-  90  -  45  -  0  .  -45  -  -90 


a) 
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b) 


Fig.  46  a)  The  input  resistance  for  the  reflection-phase  dipoles  with  resonant  lengths  scaled 
to  450  MHz  in  the  presence  of  the  4x4  wide-gap  EBG.  h)  The  input  reactance  for  the 
reflection-phase  dipoles  with  resonant  lengths  scaled  to  450  MHz  in  the  presence  of  the 
4x4  wide-gap  EBG. 
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Fig.  47  The  realized  gain  patterns  for  the  reflection-phase  dipoles  with  resonant  lengths 
scaled  to  450  MHz  in  the  presence  of  the  4x4  wide-gap  EBG.  a)  E-plane  and  h)  H-plane. 
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Fig.  48  The  realized  gain  (0  =  90°,  </>  =  0°)  vs.  frequency  for  the  reflection-phase  dipoles 
with  resonant  lengths  scaled  to  450  MHz  in  the  presence  of  the  4x4  wide-gap  EBG 


—  90  -  45  -  0  -  -45 


Fig.  49  The  reflection  coefficient  for  the  scattered-phase  dipoles  with  resonant  lengths  scaled 
to  450  MHz  in  the  presence  of  the  4x4  wide-gap  EBG 
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a) 


-  90  -  45  -  0  .  -45 


b) 


Fig  50  a)  The  input  resistance  for  the  scattered-phase  dipoles  with  resonant  lengths  scaled 
to  450  MHz  in  the  presence  of  the  4x4  wide-gap  EBG.  h)  The  input  reactance  for  the 
scattered-phase  dipoles  with  resonant  lengths  scaled  to  450  MHz  in  the  presence  of  the 
4x4  wide-gap  EBG. 
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Fig.  51  The  realized  gain  patterns  for  the  scattered-phase  dipoles  with  resonant  lengths 
scaled  to  450  MHz  in  the  presence  of  the  4x4  wide-gap  EBG.  a)  E-plane  and  h)  H-plane. 
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Fig.  52  The  realized  gain  (0  =  90°,  0  =  0°)  vs.  frequency  for  the  scattered-phase  dipoles 
with  resonant  lengths  scaled  to  450  MHz  in  the  presence  of  the  4x4  wide-gap  EBG 

4.3  Thin-Gap  EBG  versus  Wide-Gap  EBG 

Both  the  thin-  and  wide-gap  EBGs  functioned  as  desired  for  improving  the 
performance  of  a  strip  dipole.  The  analysis  of  the  2  EBG’s  was  straightforward, 
with  the  TEM  being  the  more  consistent  of  the  2  analytical  models.  The  change  in 
gap  width  had  little  effect  on  the  results  of  the  TEM  unlike  the  CM,  but  the  CM 
does  allow  for  a  rough  analytical  estimation  for  the  operational  EBG  bandwidth 
(CMbw  =  140  MHz  vs.  TEMbw  =  129  MHz  vs.  PBCbw  =  NEEbw  =  153  MHz  for 
the  thin-gap  EBG).  Eor  the  2  numerical  models,  the  reflection-phase  did  not 
accurately  determine  the  frequency  range  for  the  operational  bandwidth  of  the  thin- 
gap  EBG,  but  was  more  accurate  for  the  wide-gap  EBG,  although  it  seemed  to 
overestimate  the  size  of  the  operational  bandwidth.  In  both  EBG  cases,  simulating 
the  finite  structure  with  the  strip  dipole  resulted  in  a  scattered-phase  curve  that 
better  determined  over  what  frequency  range  the  strip  dipole  should  be  designed. 
However,  neither  numerical  approach  can  give  insight  to  the  effect  that  the  2  EBGs 
would  have  on  the  strip  dipole,  but  can  provide  a  good  starting  point  for  numerical 
simulations. 

Both  EBGs  improved  the  strip  dipole  performance  by  increasing  the  impedance 
bandwidth,  realized  gain  bandwidth,  pattern  shape,  and  peak  realized  gain.  Using  a 
very  thin-gap  width  significantly  improved  the  dipole  impedance  bandwidth  (and 
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realized  gain  bandwidth),  because  of  the  50-Q  plateau  in  the  resistance,  without  any 
significant  drawbacks,  which  means  that  it  would  be  beneficial  to  use  thin  gaps 
instead  of  wide  gaps.  The  wide-gap  EBG  did  allow  the  dipoles  to  scale  more 
linearly,  but  given  that  additional  adjustment  to  the  dipole  lengths  would  require  a 
trial  and  error  method  or  optimization,  there  still  is  not  much  of  a  reason  to  use  a 
wider  gap  for  the  EBG. 

At  higher  frequencies,  the  H-plane  radiation  pattern  showed  distortion  (see  Section 
6).  The  distortion  is  due  to  a  higher  order  mode  of  the  EBG  being  excited  by  the 
dipole,  resulting  in  a  quadrupole  pattern.  The  most  important  impact  of  the  EBG  on 
the  dipole  impedance  is  the  inductive  loading.  The  inductive  nature  of  the  EBG  is 
explained  from  the  CM  equations  for  the  inductance  and  capacitance,  Eqs.  1  and  2. 
The  inductance  for  this  EBG  would  be  calculated  to  be  much  larger  than  the 
capacitance,  resulting  in  a  structure  that  behaves  like  an  inductive  load.  Adding  a 
dielectric  substrate  or  vias  can  change  this  behavior,  but  more  will  be  said  on  this 
in  Section  6. 

The  last  point  to  make  is  that  the  strip  dipoles  that  reference  the  positive  phase 
angles  (for  both  the  reflection-phase  and  scattered-phase)  were  not  well  matched 
(if  at  all)  when  in  the  presence  of  either  EBG,  yet  the  dipoles  that  reference  the 
negative  phase  angles  were  well  matched  but  showed  pattern  distortion  at  higher 
frequencies  (corresponding  to  more  negative  phase  angles).  The  different  behavior 
between  the  positive  and  negative  phase  angles  suggest  2  regimes  of  behavior  for 
the  strip  dipole  excited  EBG;  pseudo-PEC  in  the  positive  phase  regime  and  pseudo- 
AMC  in  the  negative  phase  regime.  These  effects  were  also  seen  in  Best  and  Hanna 
(2008)  and  mentioned  in  Kern  et  al.  (2005). 

5.  Discussion  of  EBG  Models  and  Design  Guidelines 

Given  how  ambiguous  EBG  design  can  be,  this  section  will  present  a  guideline  for 
how  to  design  a  functional  EBG  for  a  dipole  antenna.  This  section  will  give 
suggestions  for  what  modeling  method  to  use  and  justifications  for  particular  design 
parameters  based  on  the  results  from  Section  4.  It  will  also  discuss  EBG  bandwidth 
based  on  the  phase  characteristic  and  actual  impact  on  the  performance  of  a  strip 
dipole.  The  EBG’s  operational  bandwidth  will  be  determined  specifically  for  a  strip 
dipole,  highlighting  the  dependency  of  the  EBG’s  bandwidth  for  antenna 
applications  on  the  antenna  to  be  used. 
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5.1  Analytical  and  Numerical  Models 


For  every  engineering  design  problem,  it  is  neeessary  to  have  a  good  analytieal 
model  to  begin  with  even  if  the  results  from  the  analytieal  model  may  not  agree 
with  simulation  results  as  well  as  desired.  For  EBG  design,  the  2  analytieal  models 
presented  in  this  report,  CM  and  TLM,  are  popular  for  their  simplieity  and 
rudimentary  aeeuraey.  While  using  both  models  at  the  same  time  ean  possibly  give 
greater  insight  into  the  design  of  an  EBG,  sueh  as  predieting  a  partieular  loading 
behavior  for  eertain  physieal  aspeets,  this  report  elearly  shows  that  the  TLM  is  the 
better  analytieal  model  to  ehoose  as  it  had  the  most  eonsistent  results  for  variations 
of  the  EBG  parameters  (in  this  ease,  the  dependenee  on  the  gap  width).  The  TLM 
is  limited  in  estimating  the  EBG  bandwidth  size  sinee  an  iterative  solver  is  required 
to  solve  the  transeendental  equation.  Whereas  the  CM  ean  easily  and  relatively 
aeeurately  estimate  the  bandwidth  impedanee  with  only  a  few  equations. 

Comparing  the  simulation  results  for  the  2  numerieal  models,  PBC  and  NEE,  the 
results  for  the  NEE  standout  in  that  for  both  the  thin-  and  wide-gap  EBGs,  the 
frequeney  range  for  the  EBG  bandwidth  and  the  size  of  the  EBG  bandwidth  were 
more  aeeurately  determined  eompared  to  PBC.  Comparing  the  2  numerieal  models 
is  analogous  to  eomparing  green  apples  to  red  apples.  Both  the  PBC  and  the  NEE 
eharaeterize  the  EBG  strueture  by  the  phase  of  some  refleeted  field,  but  for  the 
PBC,  that  phase  is  the  phase  of  the  refleetion  eoeffieient  whereas  for  the  NEE  the 
phase  is  for  the  seattered  NFs.  Eor  antenna  applieations,  the  EBG  will  be  loeated  in 
the  NE  of  the  antenna  of  ehoiee,  so  it  is  not  sensible  to  eharaeterize  the  EBG  using 
the  phase  of  the  refleetion  eoeffieient,  but  rather  using  the  phase  of  the  seattered 
NEs.  Even  though  the  NEE  has  the  added  advantage  of  studying  a  finite  strueture, 
from  Eigs.  19  and  36,  ineluding  the  geometry  of  the  strip  dipole  has  an  appreeiable 
impaet  on  the  phase  of  the  NEs,  so  it  is  best  to  inelude  the  antenna  geometry 
(terminated  with  a  50-Q  load).  This  gives  another  advantage  to  the  NEE,  beeause 
it  ean  have  an  antenna  dependeney  (this  will  have  to  be  explored  further  with  other 
antenna  geometries).  So  the  NEE  with  antenna  is  the  preferred  numerieal  modeling 
approaeh  for  a  strip  dipole  exeited  EBG,  unless  eomputational  time  and  resourees 
are  a  eoneern,  in  whieh  ease  the  PBC  ean  suffiee  but  may  require  more  fine  tuning 
of  the  antenna  geometry. 

It  is  possible  that  there  is  a  eorrelation  between  the  bandwidth  estimated  by  the  NEE 
with  dipole  simulations  and  the  impedanee  bandwidth  of  the  dipole.  The  size  of  the 
0°  ±  90°  and  0°  ±  45°  bandwidths  did  not  ehange  mueh  with  the  widening  of  the 
EBG  gap.  However,  the  dipoles  did  show  a  smaller  impedanee  for  the  wide-gap 
EBG,  but  in  both  oases,  the  bandwidth  estimated  by  the  NEE  with  dipole 
simulations  bounded  the  dipole  impedanee  bandwidth.  It  may  be  that  the  estimated 
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bandwidth  by  the  NEF  could  represent  a  minimum  and  maximum  bandwidth 
associated  with  the  dipole.  Further  investigation  would  be  required  to  determine 
validity  for  the  dipole  and  for  other  antenna  geometries.  What  is  certain,  however, 
is  that  the  PBC  did  not  predict  a  narrower  impedance  bandwidth  for  the  dipole  in 
the  presence  of  the  wide-gap  EBG.  In  fact,  the  PBC  simulations  for  the  wide-gap 
EBG  suggested  a  much  wider  bandwidth  than  the  thin-gap  EBG  (see  Tables  2  and 
5),  yet  the  simulated  dipole  impedance  bandwidth  was  wider  when  in  the  presence 
of  the  thin-gap  EBG. 

Of  course,  the  phase  characteristic  of  an  EBG  for  either  the  reflection  coefficient  or 
the  scattered  NFs  does  not  provide  anything  substantial  about  how  the  EBG  will 
improve  the  performance  of  a  nearby  antenna.  It  indicates  how  an  EBG  will  effect 
an  incident  plane  wave  in  both  cases,  which  is  a  situation  that  does  not  happen  when 
an  antenna  is  in  close  proximity  to  the  EBG.  Simulations  with  an  antenna  in  close 
proximity  to  the  EBG  (in  this  case  a  strip  dipole)  are  required  in  order  to  determine 
the  impact  of  the  EBG  on  the  radiation  pattern,  realized  gain,  and  impedance 
bandwidth.  Then  the  antenna  can  be  adjusted  to  obtain  the  desired  center  frequency. 

5.2  EBG  Design  Parameters 

In  the  literature,  typical  design  parameters  for  EBGs  require  the  patch  widths  to  be 
about  an  order  of  magnitude  smaller  than  the  design  wavelength,  the  gap  width  to 
be  at  least  an  order  of  magnitude  smaller  than  the  patches,  the  EBG  thickness  to  be 
less  than  a  quarter  of  the  design  wavelength,  and  in  many  cases,  vias  are  included 
along  with  a  dielectric  substrate  (typically  referred  to  as  a  mushroom  EBG).  Quite 
often,  these  combinations  do  not  result  in  the  design  frequency  correlating  to  the 
zero-phase  crossing  in  the  reflection-phase.  This  is  troublesome,  as  EBG’s  are 
supposed  to  work  best  at  the  zero-phase  crossing,  yet  this  may  not  correspond  to 
the  design  frequency  when  using  typical  design  parameters. 

Studying  the  TEM  shows  that  there  can  be  many  different  combinations  of  patch 
size,  gap  size,  and  EBG  thickness  that  result  in  a  zero-phase  crossing  at  or  near  to 
the  design  frequency.  The  simulation  result  from  Section  4  and  the  patch  width  for 
the  EBG  in  Section  3,  when  estimated  for  the  wavelength  in  the  dielectric,  both 
show  that  the  patch  width  would  be  about  4  to  6  times  smaller  than  the  design 
wavelength  (in  the  dielectric).  This  is  not  consistent  with  what  is  typically  seen  in 
the  literature  on  EBGs  for  antenna  applications  since  most  authors  normalize  to  the 
free  space  wavelength. 

The  main  justification  for  using  an  EBG  for  antenna  applications  is  to  improve 
antenna  performance  while  maintaining  a  low-profile  structure,  so  to  justify  a 
particular  patch  size,  gap  size,  and  EBG  thickness  the  desired  physical  impact  of 
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the  EBG  must  be  eonsidered.  By  definition,  low  profile  refers  to  a  structure  with  a 
height  that  is  smaller  than  0.25^  (a  quarter  of  the  design  wavelength  in  the 
dielectric),  but  an  EBG’s  thickness  can  be  smaller  than  0.1^.  When  considering  the 
gap  width,  the  results  from  Section  4  showed  that  the  best  impedance  bandwidth 
and  realized  gain  bandwidth  occurred  with  a  very  small  gap  relative  to  the  patch 
width,  so  the  criterion  for  the  gap  width  is  that  it  should  be  at  least  an  order  of 
magnitude  smaller  than  the  patch  width,  which  is  consistent  with  the  literature. 


The  physical  parameters  w  (patch  width),  g  (gap  width),  and  h  (EBG  thickness)  are 
inversely  proportional  to  the  product  of  the  design  frequency,/^,  and  some  constant: 


w  = 


Cq 

M/o’ 


g  = 


Cq 

Pfo’ 


h  = 


Cq 

Nfo 


(24) 


With  the  physical  guidelines  from  the  previous  paragraph  and  a  simple  script  in 
MATLAB  using  Eq.  20  from  Section  2.2,  solutions  for  the  constants  in  Eq.  24  that 
produce  a  zero-phase  crossing  at  or  near  to  the  design  frequency  can  be 
approximated.  Eor  this  procedure,  an  EBG  at  a  design  frequency  of  2.4  GHz 
without  a  dielectric  substrate  is  considered.  It  is  also  necessary  to  assume  something 
about  the  ratio  of  the  patch  width  to  gap  width,  in  this  case,  it  is  assumed  that  the 
patch  width  is  an  order  of  magnitude  larger  than  the  gap  width.  The  search  criterion 
includes  frequencies  within  ±5%  of  fo  and  returns  the  constants  in  integer 
combinations  that  correspond  to  each  of  those  frequencies,  which  is  sufficient. 

Table  8  shows  the  results  from  the  MATLAB  script  for  the  EBG  without  a  dielectric 
substrate.  It  is  clear  that  when  the  EBG  thickness  is  an  order  of  magnitude  smaller 
than  the  design  wavelength,  the  patch  width  is  about  6  times  smaller  than  the  design 
wavelength  and  not  an  order  of  magnitude  smaller.  Repeating  the  search  process 
with  a  substrate  that  has  a  small  relative  dielectric  constant  of  2.2,  shows  that  the 
patches  must  decrease  in  size  in  order  to  produce  a  zero-phase  crossing  near  the 
design  frequency,  see  Table  9.  Another  consequence  from  the  results  is  that  the 
patches  and  gaps  grow  larger  as  the  EBG  height  grows  smaller;  however,  reducing 
the  EBG  thickness  to  smaller  and  smaller  sizes  can  only  be  pushed  so  far  because 
an  antenna  in  close  proximity  to  the  EBG  will  be  shorted  by  the  patches  that  are 
now  almost  the  size  of  the  ground  plane.  The  reverse  is  also  true,  where  the  patches 
and  gaps  grow  smaller  as  the  EBG  thickness  increases,  but  the  increase  in  thickness 
defeats  the  purpose  for  using  an  EBG  because  it  would  no  longer  be  low-profde 
compared  to  a  standard  reflector. 
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Table  8  The  integer  combinations  for  the  EBG  (withont  dielectric)  design  parameters  that 
resnlt  in  a  zero-phase  crossing  in  the  reflection-phase  near  to  the  design  freqnency  of 
2.4  GHz 


M 

P 

N 

fO 

(GHz) 

21 

210 

5 

2.29 

22 

220 

5 

2.31 

23 

230 

5 

2.33 

24 

240 

5 

2.36 

25 

250 

5 

2.37 

13 

130 

6 

2.31 

14 

140 

6 

2.36 

15 

150 

6 

2.41 

16 

160 

6 

2.45 

17 

170 

6 

2.49 

10 

100 

7 

2.34 

11 

no 

7 

2.42 

12 

120 

7 

2.49 

8 

80 

8 

2.34 

9 

90 

8 

2.44 

7 

70 

9 

2.37 

8 

80 

9 

2.51 

6 

60 

10 

2.36 

5 

50 

11 

2.3 

6 

60 

11 

2.49 

5 

50 

12 

2.41 
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Table  8  The  integer  combinations  for  the  EBG  (withont  dielectric)  design  parameters 
that  resnlt  in  a  zero-phase  crossing  in  the  reflection-phase  near  to  the  design  freqnency  of 
2.4  GHz  (continned) 


M 

P 

N 

fO 

(GHz) 

5 

50 

13 

2.52 

4 

40 

14 

2.37 

4 

40 

15 

2.45 

3 

30 

17 

2.29 

3 

30 

18 

2.36 

3 

30 

19 

2.42 

3 

30 

20 

2.49 

2 

20 

25 

2.29 

Table  9  The  integer  combinations  for  the  EBG  (with  a  dielectric  of  2.2)  design  parameters 
that  resnlt  in  a  zero-phase  crossing  in  the  reflection-phase  at  or  near  to  the  design  freqnency 
of  2.4  GHz 


M 

P 

N 

fO 

(GHz) 

18 

180 

8 

2.30 

19 

190 

8 

2.33 

20 

200 

8 

2.36 

21 

210 

8 

2.39 

22 

220 

8 

2.41 

23 

230 

8 

2.44 

24 

240 

8 

2.46 

25 

250 

8 

2.48 

14 

140 

9 

2.32 
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Table  9  The  integer  combinations  for  the  EBG  (with  a  dielectric  of  2.2)  design 
parameters  that  resnlt  in  a  zero-phase  crossing  in  the  reflection-phase  at  or  near  to  the 
design  freqnency  of  2.4  GHz  (continned) 


M 

P 

N 

fO 

(GHz) 

15 

150 

9 

2.37 

16 

160 

9 

2.42 

17 

170 

9 

2.46 

18 

180 

9 

2.50 

11 

110 

10 

2.30 

12 

120 

10 

2.37 

13 

130 

10 

2.43 

14 

140 

10 

2.49 

10 

100 

11 

2.36 

11 

no 

11 

2.44 

8 

80 

12 

2.28 

9 

90 

12 

2.39 

10 

100 

12 

2.49 

8 

80 

13 

2.39 

9 

90 

13 

2.51 

7 

70 

14 

2.36 

8 

80 

14 

2.50 

6 

60 

15 

2.30 

7 

70 

15 

2.46 

6 

60 

16 

2.38 

6 

60 

17 

2.47 
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The  EBG  from  Section  4  has  patches  that  are  roughly  4.5  times  smaller  than  the 
design  wavelength,  and  the  EBG  from  Section  3  has  patches  that  are  about  5.6  times 
smaller  than  the  design  wavelength  when  the  wavelength  in  the  dielectric  is 
considered.  This  suggests  that  when  first  designing  an  EBG  without  a  substrate,  the 
patches  must  be  smaller  than  the  design  wavelength  by  a  factor  of  about  5,  which 
is  more  consistent  with  the  results  from  the  TEM  (see  Tables  8  and  9).  Combining 
the  results  from  the  TEM  with  the  patch  widths  from  the  EBGs  in  Sections  3  and  4 
and  considering  the  desired  physical  size  of  the  EBG,  a  rudimentary  set  of  design 
parameters  can  be  determined  for  an  EBG  without  a  dielectric  substrate: 


Ao 

W=  -, 


g  ^ 


< 

10’ 


/l= 

10 


(25) 


Of  course,  designing  an  EBG  with  a  dielectric  substrate  would  only  require  the 
above  parameters  to  be  scaled  accordingly  (see  Section  6).  These  parameters  will 
allow  an  antenna  engineer  to  design  a  basic  square  EBG  without  having  to  use  any 
analytical  or  numerical  model  outside  of  simulating  the  antenna  with  the  EBG. 
Simulations  using  either  the  PBC  or  NEE  method  will  not  be  necessary.  Eor  the 
NEE  analysis  of  the  EBG  in  Section  4,  the  ratio  of  the  patch  width  to  the  wavelength 
at  the  frequency  where  the  NE  phase  crosses  zero  is  about  5,  which  is  consistent 
with  Eq.  25,  so  it  would  be  unnecessary  to  perform  the  analysis  unless  some 
modifications  were  made  to  the  EBG  or  an  antenna  other  than  the  strip  dipole  was 
used. 

Note  that  these  design  parameters  were  determined  in  part  from  using  a  strip  dipole, 
a  specific  antenna.  Whether  or  not  these  parameters  are  general  for  all  antenna  types 
remains  to  be  seen.  Eurther  investigation  into  different  antennas  may  yield  different 
parameters  such  as  asymmetric  patches,  variation  in  the  periodicity,  multiple  layers, 
or  an  entirely  different  textured  surface.  Some  antennas  may  require  an  EBG  to  be 
designed  strictly  from  optimization,  especially  for  multiband  antennas.  Such 
antennas  could  require  the  EBG  to  have  a  complicated  textured  surface  or  multiple 
surfaces  to  achieve  multiple  resonances  and  may  not  be  straightforward  in 
designing  from  an  analytical  approach  (Kern  et  al.  2005). 


5.3  EBG  Bandwidth  Specific  to  a  Strip  Dipole  Antenna 

Once  an  EBG  is  designed,  it  is  typical  to  define  its  bandwidth  from  the  reflection- 
phase,  but  it  has  been  shown  that  for  antenna  applications,  it  is  the  scattered-phase 
that  better  determines  the  bandwidth.  Regardless,  the  analytical  models  all  assume 
the  same  infinite  structure  and  EBG  surface  impedance  mismatch  to  free  space  as 
the  PBC,  so  it  is  important  to  define  a  particular  bandwidth  for  the  reflection-phase 
as  a  first  principle  even  if  it  may  not  characterize  the  EBG  bandwidth  exactly  as 
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desired  for  antennas.  As  stated  in  the  introduetion,  the  literature  states  3  different 
phase  ranges  for  the  bandwidth;  cp  =  0°  ±  90°  (Sievenpiper  et  al.  1999),  0°  ±  45° 
(Hansen  2002),  and  90°  ±  45°  (Volakis  2007;  Yang  and  Rahmat-Samii  2003).  What 
was  seen  in  Seetion  4,  however,  is  that  for  the  refleetion-phase  dipoles  and  the 
seattered-phase  dipoles,  those  that  were  in  the  negative  phase  regime  were  better 
matehed  than  those  in  the  positive  phase  regime.  This  means  that  the  bandwidth 
eould  possibly  be  defined  between  0°  and  -90°,  but  the  faet  that  there  is  some 
ambiguity  to  the  phase  range  and  that  the  refleetion-phase  does  not  give  insight  into 
how  the  EBG  effeets  an  antenna,  it  would  be  better  to  define  the  bandwidth  based 
upon  how  the  EBG  effeets  the  impedanee  and  radiation  pattern  of  an  antenna. 

Eurther,  the  antenna  over  an  EBG  ean  have  different  impedanee  and  realized  gain 
bandwidths  that  ean  be  optimized  by  adjusting  the  EBG  parameters  whieh  would 
not  be  eaptured  with  the  refleetion-phase.  A  good  example  is  the  small-gap  EBG  in 
Seetion  4  that  produeed  a  greater  improvement  in  the  strip  dipole’s  impedanee 
bandwidth  when  eompared  to  the  wide-gap  EBG,  although  the  refleetion-phase 
results  for  the  small-gap  EBG  showed  a  steeper  slope  (smaller  EBG  bandwidth  at 
153  MHz)  when  eompared  to  the  refleetion-phase  results  for  the  wide-gap  EBG 
(larger  EBG  bandwidth  at  217  MHz).  This  is  a  eontradietion  that  eannot  be  eaptured 
nor  explained  by  either  numerieal  approaeh. 

As  mentioned  previously,  the  EBG  effeet  on  the  strip  dipole  eorresponds  either  to 
a  pseudo-PEC  ground  plane  or  to  a  pseudo-AMC  ground  plane  (Best  and  Hanna 
2008).  Erom  the  impedanee  of  the  various  strip  dipoles  in  Seetion  4,  it  is  elear  that 
the  positive  phase  regime  of  the  EBG  appears  to  the  dipole  as  a  pseudo-PEC  ground 
plane,  redueing  the  dipole  resistanee,  and  when  in  the  negative  phase  regime,  the 
EBG  appears  as  a  pseudo-AMC  ground  plane,  inereasing  the  dipole  resistanee  and 
distorting  the  H-plane  pattern.  These  properties  beeome  more  prevalent  as  the 
dipole  lengths  are  tuned  to  the  outer  bounds  of  either  the  refleetion-phase  or 
seattered-phase  (>+90°  for  PEC  and  <-90°  for  AMC).  The  EBG  also  appeared  to 
the  strip  dipoles  as  an  induetive  load,  whieh  if  the  loading  effeet  speeifie  to  eaeh 
strip  dipole  is  taken  into  eonsideration  (requiring  the  dipole  lengths  to  be  adjusted) 
then  all  dipoles  that  are  resonant  at  ^  <  +45°  would  be  matehed  to  50  Q. 

Eor  the  dipoles  that  are  adjusted  at  higher  frequeneies,  the  patterns  will  distort 
signifieantly  redueing  the  gain  at  0  =  90°,  0  =  0°  and  produeing  a  split  beam 
pattern.  If  the  loading  effeets,  pattern  effeets,  and  ground  plane  behavior  in  the  2 
phase  regimes  are  all  taken  into  eonsideration,  then  the  phase  range  of  the  EBG 
bandwidth  for  a  strip  dipole  exeitation,  defined  by  the  refleetion-phase,  would  be 
0°  ±  45°  (often  up  to  -90°  in  the  negative  phase  regime).  Note  that  this  phase  range 
ean  also  be  applied  to  the  seattered-phase,  but  the  phase  range  is  more  restrietive 
eompared  to  the  refleetion-phase. 
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6.  EBG  Design  Example  for  a  Strip  Dipole 


This  section  presents  a  simulation  example  for  how  to  design  an  EBG  to  improve 
the  performance  of  a  resonant  strip  dipole  antenna  centered  at  2.437  GHz  for 
Wi-Fi  band  802.1  Ig/n.  From  Section  4,  it  is  clear  that  there  are  some  tradeoffs 
between  using  a  wide  gap  width  versus  using  a  thin  gap  width.  The  simulations 
suggest  that  using  a  thin  gap  width  allows  for  a  wider  -10-dB  reflection  coefficient 
bandwidth  and  subsequently  a  wider  realized  gain  bandwidth  (±1  dBi)  with  little 
tradeoff.  Both  wide-  and  thin-gap  examples  are  shown  in  the  following  sections 
along  with  simulations  for  including  a  dielectric  substrate.  The  last  section  will 
highlight  the  impact  of  using  vias  and  of  adding  and  removing  unit  cells. 

6.1  Wide-Gap  versus  Thin-Gap  EBG 

For  both  the  wide-  and  thin-gap  examples,  the  design  frequency  is  in  the  middle  of 
the  Wi-Fi  band  802.1  Ig/n  centered  at  2.437  GHz  with  a  bandwidth  of  83.5  MHz. 
The  goal  is  to  cover  the  entire  band  with  a  strip  dipole-EBG  structure.  Tables  10 
and  1 1  give  the  EBG  and  strip  dipole  design  parameters,  respectively.  The  strip 
dipole’s  trace  width  is  such  that  the  dipole  can  be  considered  as  a  thin  wire. 

The  PBC  analysis  is  shown  to  demonstrate  that  these  design  parameters  produce  a 
zero-phase  crossing  in  the  reflection-phase  at  or  near  the  design  frequency  (the 
zero-phase  crossing  in  the  NEF  analysis  will  be  different  than  the  PBC  but  not 
enough  to  make  an  appreciable  difference,  see  Section  5.2)  (Fig.  53)  for  the  wide- 
and  thin-gap  EBG.  The  thin  gap  has  a  lower  zero-phase  crossing  than  the  wide  gap, 
but  the  wide-gap  zero-phase  crossing  is  at  2.37  GHz,  which  is  close  to  the  design 
frequency  of  2.437  GHz.  The  zero-phase  crossing  for  the  thin  gap  occurs  at  2.09 
GHz,  which  is  farther  from  the  design  wavelength  by  14%.  The  difference  in  zero- 
phase  crossings  is  an  excellent  example  of  how  the  EBG  reflection-phase  is 
sensitive  to  small  changes  in  the  physical  parameters.  Figure  54a  and  b  show  the 
reflection  coefficient  for  the  strip  dipole  over  the  wide-  and  thin-gap  EBGs, 
respectively.  The  figures  also  include  the  reflection  coefficient  for  the  dipoles 
having  lengths  that  are  adjusted  back  to  the  design  frequency. 
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Table  10  The  physical  parameters  for  the  section  6  EBG  design  example.  X  is  the  free  space 
wavelength. 


EBG  Parameters 

Wide  Gap 

Small  Gap 

Patch  width,  w 

Gap  width,  g 

w/10 

w/30 

Thickness,  h 

VIO 

VIO 

Table  11  The  dipole  parameters  for  the  section  6  EBG  design  example.  is  the  free  space 
wavelength. 

Dipole  Parameters 

Design  valnes  normalized  to  wavelength 

Length 

0.463A.2.437GHZ 

Gap  for  feed 

0.02  ^2.437GHz 

Height  (above  EBG) 

1.575  mm  (0.013  ^2.437ghz) 

Trace  width 

0.006  A.2.437GHZ 

wide  gap  thin  gap 


Fig.  53  The  resnlts  for  the  wide-  and  thin-gap  EBG  reflection-phase  at  the  design  freqnency 
of  2.437  GHz 
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vwde  gap  — — —  gap  scaled  dipole 


a) 


thin  gap  — — —  gap  scaled  dipole 


b) 


Fig  54  a)  The  reflection  coefflcient  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence 
of  the  wide-gap  EBG  before  and  after  adjnsting  the  dipole  length,  h)  The  reflection  coefficient 
for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of  the  thin-gap  EBG  before  and  after 
adjnsting  the  dipole  length. 
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The  dipole  over  the  thin-gap  EBG  required  a  greater  length  adjustment  to  scale  it 
back  to  the  design  frequency  when  compared  to  the  dipole  over  the  wide-gap  EBG, 
but  the  thin-gap  EBG  resulted  in  a  greater  impedance  bandwidth  before  and  after 
length  adjustments  when  compared  to  the  wide-gap  EBG,  222  MHz  versus 
180  MHz  (23%  larger  before  scaling)  and  372  MHz  versus  256  MHz  (45%  larger 
after  scaling).  Both  EBGs  improved  the  dipole  impedance  bandwidth  with  the 
biggest  improvement  after  scaling.  The  impedance  bandwidth  for  the  dipole  over 
the  wide-gap  EBG  improved  by  42%  after  scaling,  and  the  impedance  bandwidth 
of  the  dipole  over  the  thin-gap  EBG  improved  by  68%  after  scaling. 

The  2  dipole-EBG  structures  have  the  same  peak  realized  gain  of  around  9  dBi,  but 
the  ±l-dBi  realized  gain  bandwidth  is  larger  for  the  strip  dipole  that  is  in  the 
presence  of  the  thin-gap  EBG  before  and  after  length  adjustments,  471  MHz  versus 
318  MHz  (48%  larger  before  scaling)  and  480  MHz  versus  386  MHz  (24%  larger 
after  scaling),  (Eig.  55a  and  b).  Eigure  56a,  b,  c,  and  d  are  the  input  resistance  and 
reactance  for  the  2  dipole-EBG  structures.  Both  the  resistance  and  reactance  have 
flatter  slopes  for  the  thin-gap  EBG  compared  to  the  wide-gap  EBG,  which  explains 
the  wider  bandwidth  and  is  consistent  with  the  simulation  results  from  Section  4. 
The  plateau  in  the  resistance  that  was  seen  in  Section  4  has  started  to  appear  in  the 
resistance  for  the  thin-gap  EBG  at  higher  frequencies  (Eig.  56b),  which  suggests 
that  to  improve  the  impedance  bandwidth  further  would  require  gap  widths  that  are 
even  smaller  than  Again,  this  is  consistent  with  the  simulation  results  from 

Section  4. 

The  realized  gain  radiation  patterns  (Eig.  57a  and  b)  are  directive  although  there  is 
some  difference  between  the  E-plane  and  H-plane  shapes  due  to  the  fields  lying 
either  in  the  gaps  (E-plane)  or  across  the  gaps  (H-plane).  The  fields  that  lie  across 
the  gap  produce  an  H-plane  pattern  that  is  more  bulbous  than  the  E-plane  pattern, 
and  just  like  in  Section  4,  if  the  dipole  is  scaled  to  a  much  higher  frequency  there 
will  be  distortion  in  the  H-plane.  The  dipole  scaling  produces  very  little  change  in 
the  pattern  shapes,  with  only  a  minor  increase  in  realized  gain.  The  bandwidths, 
resonant  frequencies,  frequency  shifts,  and  peak  realized  gain  are  summarized  in 
Tables  12  and  13.  The  simulation  example  in  this  section  has  shown  that  the  antenna 
specific  EBG  design  parameters  result  in  an  EBG  than  improves  the  performance 
of  a  strip  dipole. 
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wide  gap  —  yvide  gap  scaled  dipole 


a) 


thin  gap  — — —  gap  scaled  dipole 


b) 


Fig.  55  a)  The  realized  gain  vs.  frequency  (0  =  90°,  </»  =  0°)  for  the  resonant  (2.437  GHz) 
strip  dipole  in  the  presence  of  the  wide-gap  EBG  before  and  after  adjusting  the  dipole  length, 
h)  The  realized  gain  vs.  frequency  (0  =  90°,  (j)  —  0°)  for  the  resonant  (2.437  GHz)  strip  dipole 
in  the  presence  of  the  thin-gap  EBG  before  and  after  adjusting  the  dipole  length. 
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Note:  Figure  56a,  b,  c,  and  d  spans  the  next  2  pages. 


Mide  gap  — — —  v,ide  gap  seated  dipole 


a) 


thin  gap  —— —  thin  gap  scaled  dipole 


b) 
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-  vyide  gap  - vwde  gap  scaled  dipole 


c) 


-  thin  gap  - thin  gap  scaled  dipole 


d) 

Fig.  56  a)  The  input  resistance  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of 
the  wide-gap  EBG  before  and  after  adjusting  the  dipole  length,  h)  The  input  resistance  for  the 
resonant  (2.437  GHz)  strip  dipole  in  the  presence  of  the  thin-gap  EBG  before  and  after 
adjusting  the  dipole  length,  c)  The  input  reactance  for  the  resonant  (2.437  GHz)  strip  dipole 
in  the  presence  of  the  wide-gap  EBG  before  and  after  adjusting  the  dipole  length,  d)  The  input 
reactance  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of  the  thin-gap  EBG  before 
and  after  adjusting  the  dipole  length. 
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Note;  Figure  57a  and  b  spans  the  next  2  pages. 


— — ~  viMs  oap  tcatod  dipol* 


a) 


270 


viiid*  9ap  — — —  s^p  scaled  dipol« 


0 


180 


oo 

K) 


b) 

Fig.  57  a)  The  realized  gain  patterns  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of  the  wide-gap  EBG  before  and  after  adjnsting  the  dipole 
length.  E-plane  (left)  and  H-plane  (right),  h)  Realized  gain  patterns  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of  the  thin-gap  EBG  before 
and  after  adjnsting  the  dipole  length.  E-plane  (left)  and  H-plane  (right). 


Table  12.  The  summarized  results  from  the  resouaut  strip  dipoles  above  the  wide  gap  aud 
small  gap  before  adjustiug  the  dipole  leugth 


Gap  Size 

Frequeucy 
shift  to  scale 
(GHz) 

Dipole 

Reflectiou 

Coefficieut 

(GHz) 

Reflectiou 

Coefficieut 

BW-lOdBi 

(GHz) 

Peak 

Realized 

Gaiu 

(dBi) 

Realized 
Gaiu  BWidBi 
(GHz) 

Wide  gap 

2.370 

2.266 

0.180 

8.8 

0.318 

Small  gap 

2.090 

2.203 

0.222 

8.9 

0.471 

Table  13.  The  summarized  results  from  the  resouaut  strip  dipoles  above  the  wide  gap  aud 

small  gap  after  adjustiug  the  dipole  leugth 

Gap  Size 

Frequeucy 
shift  to  scale 
(GHz) 

Dipole 

Reflectiou 

Coefficieut 

(GHz) 

Reflectiou 

Coefficieut 

BW-lOdBi 

(GHz) 

Peak 

Realized 

Gaiu 

(dBi) 

Realized 
Gaiu  BWidBi 
(GHz) 

Wide  gap 

0.194 

2.455 

0.256 

9 

0.386 

Small  gap 

0.206 

2.441 

0.372 

9 

0.480 

6.2  Inclusion  of  a  Dielectric  Substrate 

Introducing  a  dielectric  substrate  with  a  low-relative  permittivity  of  2.2  eauses  a 
shift  to  lower  frequeneies  in  the  refleetion-phase  for  both  the  wide-  and  thin-gap 
EBGs.  It  is  expeeted  that  sealing  the  EBG  ean  eompensate  for  the  frequency  shift 
in  the  reflection-phase  eaused  by  the  dieleetric  substrate.  Sealing  the  pateh  width, 
gap  width,  and  EBG  thickness  by  the  square  root  of  the  relative  permittivity  results 
in  a  refleetion-phase  curve  that  is  shifted  to  higher  frequencies  eompared  to  the  no 
substrate  ease.  Sealing  by  the  effeetive  permittivity  undershoots  the  nondieleetrie 
ease  but  it  is  in  eloser  agreement  (Eig.  58a  and  b).  This  suggests  that  a  seale  faetor 
that  lies  between  the  effeetive  permittivity  (whieh  is  a  poor  approximation  to  begin 
with)  and  the  relative  permittivity  would  have  better  results. 

The  proeess  for  the  rest  of  the  EBG  design  example  involves  including  the  dielectrie 
substrate  in  both  the  wide-  and  thin-gap  EBGs,  scaling  the  EBG  physieal 
parameters  by  the  square  root  of  the  effeetive  permittivity  to  eompensate  for 
dieleetric  loading  (patch  width,  gap  width,  and  EBG  thickness)  and  adjusting  the 
effeetive  permittivity  by  a  scale  factor  to  compensate  for  the  approximation  that  the 
effeetive  permittivity  is  an  average  value  for  an  infinite  dieleetric  half-space. 
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Because  scaling  the  EBG  reduces  the  thickness,  the  dipole  will  be  placed  closer  to 
the  ground  plane  resulting  in  an  increase  in  the  resistance  due  to  the  inherent  AMC 
behavior  of  the  EBG  (Hansen  2002;  Best  and  Hanna  2008).  The  increase  in 
resistance  requires  the  dipole’s  height  above  the  EBG  surface  to  be  adjusted  to 
compensate  for  the  substrate  by  the  following  equation. 

/.'  =  /.+ (Vi;77-i)^  (26) 


Where  h  ’  is  the  adjusted  dipole  height  above  the  EBG,  h  is  the  initial  dipole  height 
above  the  EBG,  Iq  is  the  free  space  wavelength  at  the  design  frequency,  and  £e// 
is  the  effective  permittivity. 
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wide  gap  — — —  vuth  dielectric 

scaled  with  relative  permittivity  scaled  vMth  effective  permittivity 


a) 


thin  gap  — ~  v«th  dielectric 

scaled  with  relative  permittivity  ^  scaled  with  effective  permittivity 


b) 


Fig.  58  a)  The  reflection-phase  of  the  wide-gap  EBG  with  a  dielectric  substrate  (relative 
permittivity  2.2);  plot  includes  scaling  adjustments  using  relative  permittivity  and  effective 
permittivity,  h)  The  reflection-phase  of  the  thin-gap  EBG  with  a  dielectric  substrate  (relative 
permittivity  2.2);  plot  includes  scaling  adjustments  using  relative  permittivity  and  effective 
permittivity. 
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When  including  the  dielectric  substrate  in  the  wide-gap  EBG,  the  dipole  reflection 
coefficient  (Fig.  59)  does  not  shift  to  as  low  a  frequency  as  when  the  dielectric 
substrate  is  not  included.  This  is  to  be  expected,  as  the  CM  predicts  that  adding  a 
dielectric  will  increase  the  capacitance,  making  the  EBG  appear  less  inductive  (or 
more  capacitive).  Scaling  the  EBG  parameters  to  compensate  for  the  frequency 
shift  in  the  reflection-phase  by  the  dielectric,  shifts  the  reflection  coefficient  by 
200  MHz  to  a  frequency  of  2.1  GHz  where  the  loading  effect  is  now  mostly 
dominated  by  the  EBG  inductance  and  results  in  a  well  matched  strip  dipole. 
Adjusting  the  effective  permittivity  by  a  factor  of  0.7  (which  was  determined 
through  repeat  simulations)  to  achieve  a  better  approximation  for  the  effective 
permittivity  results  in  a  reflection  coefficient  that  shifts  to  about  2.3  GHz.  Finally, 
by  adjusting  the  height  of  the  dipole  by  Eq.  26,  the  reflection  coefficient  results  in 
a  resonance  close  to  2.4  GHz  and  includes  the  entire  802.1  Ig/n  band.  However,  the 
dipole  is  not  as  well  matched  as  hoped. 

The  input  resistance  shows  that  the  inclusion  of  the  dielectric  substrate  (Fig.  60a) 
produces  a  similar  plateau  that  was  seen  in  Section  4  for  the  thin-gap  EBG.  The 
plateau  is  best  matched  at  around  80  Q  for  each  dielectric  case  with  the  exception 
of  when  the  EBG  is  scaled  and  the  effective  permittivity  and  dipole  height  are  not 
adjusted.  The  resistance  for  this  case  is  increased,  again,  due  to  the  AMC  behavior 
and  close  proximity  of  the  dipole.  The  input  reactance  (Fig.  60b)  shows  how  the 
inductance  decreases  when  a  dielectric  substrate  is  included  and  then  increases 
when  the  EBG  is  appropriately  scaled.  Note  that  the  dipole  length  was  not  adjusted 
at  all  during  these  comparisons,  and  if  it  was,  a  near  50-Q  match  could  have  been 
achieved  over  a  wide  band.  If  the  dipole  length  is  not  adjusted,  however,  an 
impedance  transformer  can  be  used  to  match  the  dipole  and  achieve  a  large 
impedance  bandwidth. 
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— — —  VMth  dielectric 

------  EBG  scaled 

adjusted  effective  permittivity 

— adjusted  antenna  height 

Fig.  59  The  reflection  coefflcient  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence 
of  the  wide-gap  EBG  with  a  dielectric  snhstrate  (relative  permittivity  2.2).  The  EBG  geometry 
and  antenna  height  were  adjnsted  to  compensate  for  dielectric  effects. 
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— — —  viiith  dielectric 

- adjusted  effective  permittivity 

— adjusted  antenna  height 

a) 


— — —  with  dielectric 

-  “  -  —  adjusted  effective  perm  ittivity 

— adjusted  antenna  height 

b) 


Fig.  60  a)  The  input  resistance  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of 
the  wide-gap  EBG  with  a  dielectric  substrate  (relative  permittivity  2.2).  The  EBG  geometry 
and  antenna  height  were  adjusted  to  compensate  for  dielectric  effects,  h)  The  input  reactance 
for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of  the  wide-gap  EBG  with  a  dielectric 
substrate  (relative  permittivity  2.2).  The  EBG  geometry  and  antenna  height  were  adjusted  to 
compensate  for  dielectric  effects. 
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The  E-plane  and  H-plane  patterns  (Fig.  61)  show  a  reduction  in  the  realized  gain 
by  as  much  as  2  dBi  even  after  all  of  the  adjustments  made  to  the  EBG  structure 
and  dipole  height.  The  H-plane  shows  the  negative  impact  of  the  dielectric  on 
pattern  shape  because  there  are  severe  bulges  in  the  0  =  90°  and  270°  (cp  =  0°) 
directions.  These  bulges  can  be  associated  with  surface  waves  due  to  the  dielectric, 
but  these  bulges  were  also  seen  in  Section  4  when  the  dipoles  were  near  the  upper 
bound  of  the  EBG’s  bandwidth  and  there  was  no  dielectric  substrate.  From  the 
current  distribution  comparisons  (Fig.  62)  between  the  wide-gap  EBG  without 
substrate  and  the  wide-gap  EBG  with  substrate,  it  is  clear  that  the  dielectric  supports 
surface  waves  launched  in  the  H-plane  that  radiate  at  the  edges.  Without  the 
dielectric  substrate,  the  EBG  edges  in  the  H-plane  conduct  a  larger  amount  of 
current  than  the  edges  in  the  E-plane.  This  current  begins  to  radiate  at  higher 
frequencies  causing  the  distortion  in  the  H-plane.  When  the  dielectric  substrate  is 
introduced,  the  current  on  the  edges  is  magnified  (caused  by  surface  waves  or 
increased  mutual  coupling  between  the  patches)  resulting  in  greater  pattern 
distortion.  Figure  63  shows  the  realized  gain  versus  frequency  plot.  Here,  it  is  clear 
that  using  a  dielectric  (even  after  adjustments  according  to  the  wavelength  in  the 
dielectric)  will  have  a  severe  negative  impact  on  the  realized  gain. 

The  same  process  detailed  for  the  wide-gap  EBG  with  a  dielectric  substrate  was 
also  used  for  the  thin-gap  EBG.  The  reflection  coefficient  (Fig.  64)  shows  the  same 
trend  as  before,  where  the  input  inductance  decreases  with  the  inclusion  of  a 
dielectric  substrate,  but  increases  when  the  EBG  is  scaled.  The  thinner  gap  for  the 
EBG  again  improves  the  dipole  impedance  bandwidth.  The  resistance  and 
reactance  (Fig.  65a  and  b)  show  an  improved  impedance  bandwidth  when  in  the 
presence  of  the  thin-gap  EBG  (due  to  the  smaller  gap)  because  the  magnitude  of 
the  plateau  in  the  resistance  is  now  between  50  and  75  Q.  Again,  the  reactance 
shows  the  EBG  becoming  less  inductive  when  a  dielectric  substrate  is  included  and 
more  inductive  when  the  EBG  is  scaled.  The  radiation  patterns,  current 
distributions,  and  realized  gain  versus  frequency  curves  (Figs.  66,  67,  and  68)  all 
show  the  same  issues  as  with  the  wide-gap  EBG. 

The  dielectric  causes  a  decrease  in  the  realized  gain  by  at  least  2  dBi  with  severe 
distortion  in  the  H-plane  patterns.  The  pattern  distortion  is  actually  more  severe  for 
the  thin-gap  EBG.  The  thinner  gaps  increase  the  coupling  between  the  patches, 
which  can  be  see  when  comparing  the  current  distributions  for  the  wide-  and  thin- 
gap  EBGs  without  dielectric  (Figs.  62  and  67).  The  current  on  the  H-plane  edges 
for  the  thin-gap  EBG  is  greater  than  for  the  wide  gap  EBG,  so  when  the  dielectric 
substrate  is  included,  the  H-plane  patterns  are  more  greatly  distorted.  For  large 
EBGs,  thin  dielectrics  can  be  used  to  help  mitigate  the  negative  effects  of  the 
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dielectric  substrate.  But  for  very  small  and  thin  EBGs  that  have  dielectric 
substrates,  it  may  be  necessary  to  include  vias  to  realize  the  full  potential  of  the 
improvement  that  the  EBG  will  have  on  antenna  performance. 


-  wide  gap  no  dielectric 

- vwth  dielectric 

adjusted  effective  permittivity 

— adjusted  antenna  height 
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a) 


-  wide  gap  no  dielectric 

- with  dielectric 

adjusted  effective  permittivity 

— adjusted  antenna  height 

0 


180 


b) 


Fig.  61  The  realized  gain  patterns  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence 
of  the  wide-gap  EBG  with  a  dielectric  snhstrate  (relative  permittivity  2.2).  The  EBG  geometry 
and  antenna  height  were  adjnsted  to  compensate  for  dielectric  effects,  a)  E-plane  and 
h)  H-plane. 


90 


Fig.  62  The  electric  current  distribution  of  the  resonant  strip  dipole  in  the  presence  of  the 
wide-gap  EBG  at  the  design  frequency  (2.437  GHz),  a)  Without  a  dielectric  substrate  and  b) 
with  a  dielectric  substrate. 
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—  with  dielectric 

- adjusted  effective  permittivity 

— adjusted  antenna  height 

Fig.  63  The  realized  gain  vs.  frequency  (0  =  90°,  </>  =  0°)  for  the  resonant  (2.437  GHz)  strip 
dipole  in  the  presence  of  the  wide-gap  EBG  with  a  dielectric  substrate  (relative  permittivity 
2.2).  The  EBG  geometry  and  antenna  height  were  adjusted  to  compensate  for  dielectric  effects. 


thin  gap  no  dielectric 

— —  with  dielectric 

adjusted  effective  permittivity 

— adjusted  antenna  height 

Fig.  64  The  reflection  coefficient  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence 
of  the  thin-gap  EBG  with  a  dielectric  substrate  (relative  permittivity  2.2).  The  EBG  geometry 
and  antenna  height  were  adjusted  to  compensate  for  dielectric  effects. 
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— — —  with  dielectric 

adjusted  effective  permittivity 
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b) 


Fig.  65  a)  The  input  resistance  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of 
the  thin-gap  EBG  with  a  dielectric  substrate  (relative  permittivity  2.2).  The  EBG  geometry 
and  antenna  height  were  adjusted  to  compensate  for  dielectric  effects,  h)  The  input  reactance 
for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of  the  thin-gap  EBG  with  a  dielectric 
substrate  (relative  permittivity  2.2).  The  EBG  geometry  and  antenna  height  were  adjusted  to 
compensate  for  dielectric  effects. 
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Fig.  66  The  realized  gain  patterns  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence 
of  the  thin-gap  EBG  with  a  dielectric  snhstrate  (relative  permittivity  2.2).  The  EBG  geometry 
and  antenna  height  were  adjnsted  to  compensate  for  dielectric  effects,  a)  E-plane  and 
h)  H-plane  (right). 
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a) 


b) 

Fig.  67  The  electric  current  distributions  of  the  resonant  strip  dipole  in  the  presence  of  the 
thin-gap  EBG  at  the  design  frequency  (2.437  GHz),  a)  Without  a  dielectric  substrate  and  b) 
with  a  dielectric  substrate. 
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— — —  with  dielectric 

adjusted  effective  permittivity 

adjusted  antenna  height 

Fig.  68  The  realized  gain  vs.  frequency  (0  =  90°,  </>  =  0°)  for  the  resonant  (2.437  GHz)  strip 
dipole  in  the  presence  of  the  thin-gap  EBG  with  a  dielectric  substrate  (relative  permittivity 
2.2).  The  EBG  geometry  and  antenna  height  were  adjusted  to  compensate  for  dielectric  effects. 

6.3  EBG  Modifications 

Modifications  can  be  made  to  an  EBG  either  to  improve  performance  and  reduce 
size,  or  to  compensate  for  dielectric  effects.  Like  any  modification,  tradeoffs  are  to 
be  considered,  but  sometimes  the  improvement  may  be  worth  the  tradeoff.  For  this 
section,  the  wide-gap  EBG  designed  in  the  previous  2  sections  are  used  to 
demonstrate  the  impact  of  additional  changes  to  an  EBG.  The  first  modification  to 
consider  is  the  addition  of  vias  to  help  mitigate  the  negative  effects  from  the 
dielectric  substrate  included  with  the  wide-gap  EBG  example  in  the  previous  2 
sections.  As  previously  discussed,  the  strip  dipole  excites  an  asymmetric  current 
distribution  on  the  EBG  surface.  The  current  distribution  in  Fig.  62  showed  a  larger 
current  on  the  surface  edges  that  are  parallel  to  the  strip  dipole  (H-plane).  This 
current  causes  the  pattern  distortions  in  the  H-plane,  and  worsens  when  a  dielectric 
substrate  is  introduced.  The  inclusion  of  a  dielectric  substrate  increases  the  coupling 
between  the  patches,  thereby  increasing  the  current  on  the  outer  edges  and 
worsening  the  pattern  distortion. 

When  vias  are  introduced  (radius  of  0.005kd  where  kd  is  the  wavelength  in  the 
dielectric)  the  current  on  the  surface  of  the  EBG  now  have  direct  paths  to  ground. 
The  fields  within  the  substrate  that  cause  the  coupling  are  reduced  in  magnitude  or 
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broken  up  by  the  vias,  and  the  direet  eurrent  paths  allow  for  a  more  uniform  eurrent 
distribution  (Fig.  69).  The  nulls  in  the  strip  dipole  radiation  pattern  are  loeated  at 
6  =  90°,  0  =  90°  and  9  —  90°,  0  =  270°.  The  eurrent  on  the  patehes  at  these 
nulls  is  not  uniform  at  all,  and  in  faet,  these  patches  contribute  little  to  the  radiation 
of  the  structure.  The  vias  distribute  more  current  on  the  patches  in  the  nulls, 
effectively  improving  the  aperture  efficiency,  increasing  the  realized  gain,  see 
Fig.  70.  While  the  pattern  is  more  directive,  there  is  still  distortion  in  the  H-plane, 
and  because  the  current  distribution  on  the  ground  plane  is  more  uniform,  the 
radiation  in  the  back  lobe  is  increased  as  well,  reducing  the  front  to  back  ratio  by  a 
few  decibels. 

The  vias  also  have  a  noticeable  effect  on  the  impedance  match  for  the  strip  dipole. 
Because  the  patch  coupling  has  been  broken  up  by  the  vias,  the  EBG  structure  now 
appears  more  inductive,  producing  a  greater  frequency  shift  to  lower  frequencies  in 
the  strip  dipole’s  reflection  coefficient  (Fig.  71).  The  dipole  shows  a  reasonably 
wide  impedance  bandwidth  when  the  vias  are  included,  spanning  nearly  300  MHz. 
To  include  the  entire  802.11g/n  Wi-Fi  band  requires  the  dipole  to  be  shortened 
somewhat  to  shift  its  resonance  to  the  required  band.  The  improvement  in 
impedance  bandwidth  comes  from  the  smoother  progression  from  capacitive 
loading  to  inductive  loading  in  the  reactance  (Fig.  72).  While  the  reactance 
maintains  a  similar  shape  at  the  higher  frequencies  after  the  inclusion  of  the  vias, 
the  shape  of  the  reactance  in  the  capacitive  region  shows  a  significant  decrease, 
again  attributed  to  the  reduction  in  coupling  between  the  patches. 

The  vias  reduce  the  frequency  range  of  the  plateau  in  the  resistance,  cutting  it  in 
half  (Fig.  73).  This  can  be  thought  of  as  the  vias  reinforcing  the  pseudo-PEC  like 
behavior  at  lower  frequencies,  where  the  direct  path  to  the  EBG  ground  shorts  the 
dipole.  Even  though  the  vias  improve  the  EBG’s  performance  when  a  dielectric 
substrate  is  included,  they  do  not  completely  mitigate  the  dielectric  effects.  Without 
the  substrate,  the  strip  dipole  had  a  6.5  dBi  increase  in  realized  gain,  which  is  not 
completely  regained  when  the  vias  are  included  (Eig.  74).  However,  the  vias  help 
to  retain  much  of  the  wide  realized  gain  bandwidth. 
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Fig.  69  The  electric  current  distributions  for  the  strip  dipole  in  the  presence  of  the  wide-gap 
EBG  with  a  dielectric  substrate  at  the  design  frequency  of  2.437  GHz.  a)  Without  vias  and 
b)  with  vias. 
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a) 


180 


b) 

Fig.  70  The  realized  gain  patterns  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence 
of  the  wide-gap  EBG  inclnding  a  dielectric  snhstrate  with  vias  and  withont  vias.  a)  E-plane 
and  h)  and  H-plane. 
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wide  gap  vuith  dielectric  ......  vvide  gap  with  dielectric  and  vias 


Fig.  71  The  reflection  coefflcient  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence 
of  the  wide-gap  EBG  inclnding  a  dielectric  snhstrate  with  vias  and  withont  vias 


wide  gap  vuith  dielectric  ......  vude  gap  with  dielectric  and  vias 


Fig.  72  The  inpnt  reactance  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of  the 
wide-gap  EBG  inclnding  a  dielectric  snhstrate  with  vias  and  withont  vias 
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wide  gap  with  dielectric  ......  gap  with  dielectric  and  vias 


Fig.  73  The  input  resistance  for  the  resonant  (2.437  GHz)  strip  dipole  in  the  presence  of  the 
wide-gap  EBG  including  a  dielectric  substrate  with  vias  and  without  vias 


wide  gap  with  dielectric  ......  vvide  gap  with  dielectric  with  vias 


Fig.  74  The  realized  gain  vs.  frequency  (0  =  90°,  </»  =  0°)  for  the  resonant  (2.437  GHz)  strip 
dipole  in  the  presence  of  the  wide-gap  EBG  including  a  dielectric  substrate  with  vias  and 
without  vias 
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Applying  vias  to  the  modified  wide-gap  EBG,  where  the  EBG  dimensions  were 
sealed  by  70%  of  the  effeetive  permittivity  and  the  separation  between  the  strip 
dipole  and  EBG  surface  was  adjusted  to  compensate  for  the  change  in  electrical 
length  in  the  dielectric  substrate,  produced  the  expected  current  distribution,  see 
Eig.  75.  The  current  is  more  uniformly  distributed  on  the  surface  of  the  EBG, 
effectively  improving  the  aperture  efficiency.  Because  of  the  reduced  geometric 
size  of  the  EBG,  the  current  on  the  edges  caused  by  the  vias  now  produce  side  lobes 
about  15  dBi  down  from  the  main  lobe  in  the  E-plane,  whereas  before  the  vias,  the 
side  lobes  were  less  than  25  dBi  down.  Geometrical  modifications  to  the  EBG 
helped  to  mitigate  the  pattern  distortion  in  the  H-plane,  and  including  the  vias 
improve  the  radiation  pattern  further  even  though  they  decrease  the  front  to  back 
ratio  (Eig.  76). 

The  geometric  modifications  allowed  the  strip  dipole-EBG  structure  to  resonate  at 
the  design  frequency  without  adjusting  the  length  of  the  dipole,  but  the  inclusion  of 
the  vias  reduced  the  EBG  capacitance,  producing  a  more  inductive  load,  thus 
requiring  the  dipole’s  length  to  be  reduced  in  order  to  be  resonate  at  the  design 
frequency  (Eig.  77).  Scaling  the  strip  dipole’s  length  would  also  produce  a  much 
larger  impedance  bandwidth,  as  the  plateau  in  the  resistance  is  accompanied  by  a 
plateau  in  the  reactance  (Eigs.  78  and  79).  Reducing  the  dipole’s  length  would  shift 
the  reactance  such  that  both  plateaus  nearly  line  up,  possibly  producing  a  wide 
impedance  bandwidth,  but  it  may  be  necessary  to  adjust  the  separation  between  the 
strip  dipole  and  EBG  surface  in  order  to  better  optimize  the  magnitude  of  the 
plateau  in  the  resistance  for  a  50  Q  match.  As  expected,  the  vias  improved  the  peak 
realized  gain  and  realized  gain  bandwidth,  by  mitigating  the  dielectric  effects 
(Fig,  80). 
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b) 


Fig.  75  The  electric  current  distributions  for  the  strip  dipole  in  the  presence  of  the  wide-gap 
EBG  with  a  dielectric  substrate  at  the  design  frequency  of  2.437  GHz.  After  the  adjustments 
were  made  to  scale  the  EBG  and  to  scale  the  dipole  height,  vias  were  included  to  mitigate 
dielectric  side  effects,  a)  Without  vias  and  b)  with  vias. 
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a) 


180 


b) 

Fig.  76  The  realized  gain  patterns  for  the  strip  dipole  in  the  presence  of  the  wide-gap  EBG 
with  a  dielectric  snhstrate  at  the  design  freqnency  of  2.437  GHz.  After  the  adjnstments  were 
made  to  scale  the  EBG  and  to  scale  the  dipole  height,  vias  were  inclnded  to  mitigate  dielectric 
side  effects,  a)  E-plane  and  h)  H-plane. 
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adjusted  antenna  height  ......  adjusted  antenna  height  with  vias 


Fig.  77  The  reflection  coefflcient  for  the  strip  dipole  in  the  presence  of  the  wide-gap  EBG 
with  a  dielectric  snhstrate  at  the  design  freqnency  of  2.437  GHz.  After  the  adjnstments  were 
made  to  scale  the  EBG  and  to  scale  the  dipole  height,  vias  were  incinded  to  mitigate  dielectric 
side  effects. 


adjusted  antenna  height  adjusted  antenna  height  with  vias 


Fig.  78  The  inpnt  resistance  for  the  strip  dipole  in  the  presence  of  the  wide-gap  EBG  with  a 
dielectric  snhstrate  at  the  design  freqnency  of  2.437  GHz.  After  the  adjnstments  were  made  to 
scale  the  EBG  and  to  scale  the  dipole  height,  vias  were  incinded  to  mitigate  dielectric  side 
effects. 
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adjusted  antenna  height  ......  adjusted  antenna  height  with  vias 


Fig.  79  The  input  reactance  for  the  strip  dipole  in  the  presence  of  the  wide-gap  EBG  with  a 
dielectric  substrate  at  the  design  frequency  of  2.437  GHz.  After  the  adjustments  were  made  to 
scale  the  EBG  and  to  scale  the  dipole  height,  vias  were  included  to  mitigate  dielectric  side 
effects. 


adjusted  antenna  height  ......  adjusted  antenna  height  with  vias 


Fig.  80  The  realized  gain  vs.  frequency  (0  =  90°,  0  =  0°)  for  the  strip  dipole  in  the  presence 
of  the  wide-gap  EBG  with  a  dielectric  substrate  at  the  design  frequency  of  2.437  GHz.  After 
the  adjustments  were  made  to  scale  the  EBG  and  to  scale  the  dipole  height,  vias  were  included 
to  mitigate  dielectric  side  effects. 
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While  the  physieal  design  parameters  of  an  EBG  tell  an  antenna  engineer  the 
dimensions  of  a  single  unit  eell,  there  is  little  guidanee  on  the  importanee  of  any 
partieular  arrangement  or  number  of  unit  cells  in  the  literature,  which  makes 
questionable  whether  or  not  EBG  structures  actually  need  any  particular  number  of 
unit  cells.  Including  an  additional  ring  of  unit  cells  has  little  impact  on  the  strip 
dipole’s  reflection  coefficient  and  impedance  (Eigs.  81  and  82).  The  EBG  does  not 
appear  any  more  inductive  or  capacitive  when  additional  unit  cells  are  included, 
nor  does  the  resistance  change  significantly.  While  there  is  a  slight  leftward  shift  in 
the  reflection  coefficient  and  the  impedance  bandwidth  slightly  increases,  the 
biggest  improvement  comes  in  the  realized  gain  and  radiation  patterns  (Eigs.  83  and 
84).  The  peak  realized  gain  improves  by  about  1  dB,  and  the  back  lobe  is  reduced 
by  2-3  dB  as  well.  The  modest  improvement  in  gain  is  expected,  as  the  aperture 
size  has  been  increased.  However,  the  physical  area  has  increased  by  43.8%,  so 
adding  additional  unit  cells  may  not  be  advantageous. 

On  the  other  hand,  while  adding  additional  unit  cells  may  not  be  worth  the  increased 
EBG  size,  removing  unit  cells  could  be  viable  assuming  that  there  are  no  drastic 
decreases  in  performance.  Removing  the  outer  ring  of  unit  cells  from  the  EBG 
would  reduce  the  overall  area  by  a  factor  of  4,  making  the  EBG  much  smaller.  The 
reflection  coefficient  (Eig.  85)  demonstrates  that  the  removal  of  the  outer  unit  cells 
destroys  the  impedance  match  and  makes  the  strip  dipole-EBG  structure  effectively 
useless;  however,  the  reduced  performance  is  most  likely  due  to  the  removal  of  the 
unit  cells  underneath  the  tips  of  the  strip  dipole. 

Repeating  the  same  simulation,  but  with  the  unit  cells  underneath  the  strip  dipole 
tips  replaced,  results  in  a  strip  dipole-EBG  structure  that  has  half  the  physical  area 
as  the  original  while  still  maintaining  a  good  impedance  match  (Eig.  86).  The 
impedance  bandwidth  decreases  by  20  MHz,  but  the  bandwidth  is  still  double  that 
needed  to  cover  the  802.1  Ig/n  band.  There  is  also  a  slight  leftward  shift  in  the 
resonance,  but  it  is  negligible.  Removing  2  rows  of  unit  cells  has  little  effect  on  the 
resistance  and  reactance  of  the  structure  below  the  design  frequency,  but  above  the 
design  frequency,  the  effect  becomes  more  important  where  both  the  input 
resistance  and  reactance  increase  more  quickly  for  the  reduced  EBG  structure 
(Fig.  87). 

As  expected,  the  realized  gain  is  reduced  by  1  to  1 .5  dBi  with  the  removal  of  the 
unit  cells,  and  the  slope  of  the  realized  gain  versus  frequency  curve  becomes  a  bit 
sharper  near  the  peak  thereby  reducing  the  1-dBi  bandwidth  by  13%  (Eig.  88).  The 
reduction  in  realized  gain  results  in  a  more  noticeable  back  lobe  in  the  E-plane 
pattern,  but  the  biggest  impact  is  in  the  H-plane  pattern  where  the  sides  of  the 
pattern  are  now  even  more  distorted  than  before.  The  difference  between  the  bore 
sight  realized  gain  and  the  sides  of  the  H-plane  pattern  is  now  7-8  dBi  versus 
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13-14  dBi  before  the  unit  eells  were  removed  (Fig.  89).  However,  these  reduetions 
in  realized  gain,  -10-dB  impedance  bandwidth,  and  -1-dB  gain  bandwidth  may  be 
considered  acceptable  considering  that  the  area  of  the  EBG  structure  has  been  cut 
in  half  while  still  achieving  a  much  more  directive  pattern  compared  to  that  of  a 
lone  strip  dipole.  The  impedance  and  gain  bandwidths  can  be  further  improved,  of 
course,  by  reducing  or  increasing  the  strip  dipole’s  length  to  shift  the  dipole  back 
to  the  original  design  frequency 


Dipole  only  ------  Dipole  and  EBG 

— — —  Dipole  and  EBG  with  additional  unit  cells 


.0  2.1  2.2  2.3  2.4  2.5  2.6  2.7 

Frequency  [GH^ 


Fig.  81  The  reflection  coefflcient  for  a  resonant  strip  dipole  in  the  presence  of  a  wide-gap 
EBG  with  and  withont  additional  nnit  cells 
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Dipole  only  -  Dipole  and  EBG 

— — —  Dipole  and  EBG  with  additional  unit  cells 


a) 


-  Dipole  only  -  Dipole  and  EBG 

— ~  Dipole  and  EBG  with  additional  unit  cells 


b) 


Fig.  82  a)  The  input  resistance  and  b)  the  input  reactance  for  a  resonant  strip  dipole  in  the 
presence  of  a  wide-gap  EBG  with  and  without  additional  unit  cells 
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Dipole  only  ------  Dipole  and  EBG 

Dipole  and  EBG  with  additional  unit  cells 


Fig.  83  The  realized  gain  vs.  frequency  (0  =  90°,  0  =  0°)  for  a  resonant  strip  dipole  in  the 
presence  of  a  wide-gap  EBG  with  and  without  additional  unit  cells 


no 


180 


a) 


180 


b) 

Fig.  84  The  realized  gain  patterns  for  a  resonant  strip  dipole  in  the  presence  of  a  wide-gap 
EBG  with  and  withont  additional  nnit  cells,  a)  E-plane  and  h)  H-plane. 
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Dipole  only  ------  Dipole  and  EBG 

- Dipole  and  EBG  with  fewer  unit  cells 


.0  2.1  2.2  2.3  2.4  2.5  2.6  2.7 

Frequency  [GHz] 


Fig.  85  The  reflection  coefflcient  for  a  resonant  strip  dipole  in  the  presence  of  a  wide-gap 
EBG  with  and  withont  a  ring  of  nnit  cells  removed 


Dipole  only  ------  Dipole  and  EBG  — — —  Dipole  and  2x4  EBG 


Frequency  [GHz] 


Fig.  86  The  reflection  coefflcient  for  a  resonant  strip  dipole  in  the  presence  of  a  wide-gap 
EBG  with  and  withont  2  rows  of  nnit  cells 
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Dipole  only  Dipole  and  EBG  — —  Dipole  and  2x4  EBG 


a) 


-  Dipole  only  -  Dipole  and  EBG  - Dipole  and  2x4  EBG 


b) 


Fig.  87  a)  The  input  resistance  and  b)  the  input  reactance  for  a  resonant  strip  dipole  in  the 
presence  of  a  wide-gap  EBG  with  and  without  2  rows  of  unit  cells 
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Dipole  only  ------  Dipole  and  EBG  — — Dipole  and  2x4  EBG 


Fig.  88  The  realized  gain  vs.  frequency  (0  =  90°,  </>  =  0°)  for  a  resonant  strip  dipole  in  the 
presence  of  a  wide-gap  EBG  with  and  without  2  rows  of  unit  cells 
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Dipole  and  EBG  - Dipole  and  2x4  EBG 


0 


Dipole  and  EBG  — Dipole  and  2x4  EBG 


0 


b) 


Fig.  89  Realized  gain  patterns  for  a  resonant  strip  dipole  in  the  presence  of  a  wide-gap  EBG 
with  and  withont  2  rows  of  nnit  cells,  a)  E-plane  and  h)  H-plane. 


7.  Conclusions 


This  technical  report  has  presented  a  detailed  summary  of  typical  analytical  and 
numerical  models  for  EBG  design.  For  applications  in  ESS  and  as  a  HIS,  the  use  of 
the  reflection  coefficient  phase  is  applicable,  but  for  antenna  applications  it  is  not. 
An  EBG  will  be  placed  a  distance  away  from  a  particular  antenna  by  fractions  of  a 
wavelength  not  several  wavelengths.  Such  close  proximity  places  the  EBG  in  the 
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NF  of  the  prospective  antenna  where  the  scattered  fields  have  not  traveled  far 
enough  to  form  the  far  field  pattern.  Characterizing  an  EBG  by  its  impedance 
mismatch  to  free  space  neglects  radiation  from  the  structure  itself,  which  is  not  the 
case  for  antenna  applications  where  it  is  the  interaction  between  the  EBG  and  the 
antenna  that  improves  the  radiation  pattern  and  realized  gain.  In  addition,  the  close 
proximity  to  the  prospective  antenna  loads  the  antenna,  possibly  improving  its 
impedance  bandwidth. 

Typical  analytical  models  such  as  the  CM  and  TLM  offer  a  rough  start  for  EBG 
design,  since  they  still  only  describe  the  EBG  in  terms  of  the  reflection  coefficient 
phase.  The  CM  allows  an  antenna  engineer  to  better  understand  the  loading 
behavior  of  an  EBG;  however,  the  TLM  was  more  consistent  in  agreement  with 
numerical  methods.  IT,  conversely,  offers  an  analytical  tool  that  includes  the 
antenna,  but  is  limited  by  frequency  invariant  phase  and  simple  antenna  structures. 
The  typical  numerical  simulation  method  is  to  assume  an  infinitely  repeating  unit 
cell  (which  was  designed  using  one  of  the  analytical  tools  or  some  already 
published  physical  parameters)  and  calculate  the  reflection  coefficient  phase.  The 
assumption  of  an  infinite  structure  adds  an  additional  nonrealistic  property  to  the 
EBG  analysis,  further  degrading  any  insight  the  results  may  offer  for  antenna 
applications.  This  report  introduced  looking  at  the  phase  of  the  scattered  NEs  as  a 
substitute  to  the  reflection  coefficient  phase. 

Eor  more  complicated  antennas,  the  scattered  NEs  can  become  difficult  to  interpret, 
so  whether  or  not  the  phase  is  useful  in  these  circumstances  will  require  further 
investigation.  Eor  a  simple  strip  dipole,  however,  the  scattered-phase  offered  a 
simulated  study  of  an  antenna  dependent  finite  EBG  that  showed  different  results 
when  compared  to  the  non-antenna  dependent  infinite  EBG.  The  simulated 
scattered-phase  was  more  informative  regarding  over  what  frequency  range  a  strip 
dipole  would  be  impedance  matched  when  in  the  presence  of  an  EBG  to  improve 
performance. 

The  loading  behavior  of  the  EBG  was  predominately  inductive,  which  was 
expected  from  the  CM  where  the  intrinsic  inductance  was  always  much  larger  than 
the  intrinsic  capacitance.  The  amount  that  the  strip  dipoles  resonance  shifted  was 
not  linear,  however,  because  there  was  a  clear  frequency  range  over  which  the 
inductive  loading  was  greatest.  The  frequency  range  was  associated  with  negative 
phase  angles  for  the  scattered-phase,  and  it  was  within  this  frequency  range  that  the 
simulated  strip  dipole  had  the  best  performance.  Within  the  negative  phase  regime, 
the  strip  dipole  impedance  bandwidth  improved  from  a  typical  8%  bandwidth  to 
near  12%  (assuming  a  thin-gapped  EBG).  The  peak  realized  gain  improved  by  as 
much  as  6.5  dBi  and  was  still  improved  even  when  the  strip  dipole  was  not  matched 
at  all. 
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At  lower  frequencies,  where  the  phase  regime  is  positive,  the  strip  dipole  resistance 
is  reduced  resulting  in  a  poor  impedance  bandwidth  and  realized  gain.  At  higher 
frequencies,  where  the  phase  angles  are  greater  than  -90°,  the  H-plane  cut  of  the 
strip  dipole  and  EBG  shows  distortion,  lowering  the  realized  gain.  The  pattern 
becomes  more  distorted  as  the  frequency  increases  eventually  becoming  a 
quadrupole  pattern.  This  pattern  distortion,  even  though  a  dielectric  was  not 
included,  was  due  to  the  collection  of  current  at  the  EBG  edges  parallel  to  the  strip 
dipole. 

The  EBG  edges  that  lie  within  the  E-plane  (orthogonal  to  the  strip  dipole)  are  in  the 
nulls  of  the  strip  dipole,  thereby  resulting  in  the  current  on  these  edges  to  be  small 
in  comparison  to  the  edges  in  the  H-plane.  The  asymmetric  current  distribution 
results  in  an  asymmetric  radiation  pattern.  This  behavior  highlights  edge  effects 
that  are  not  captured  in  any  infinite  structure  analysis.  Reducing  the  gap  width  on 
the  EBG  surface  serves  to  improve  the  impedance  bandwidth  but  increases  the 
pattern  distortion.  Scaling  the  strip  dipole’s  length  to  a  lower  resonant  frequency 
can  compensate  for  the  pattern  distortion,  thereby  improving  the  realized  gain 
bandwidth. 

The  pattern  distortion  only  worsens  when  a  dielectric  substrate  is  included.  The 
relative  permittivity  increases  the  capacitance  of  the  EBG  structure  reducing  the 
inductive  loading  and  increasing  the  amount  of  current  on  the  EBG  edges  parallel 
to  the  strip  dipole.  Geometric  modifications  can  be  made  to  the  EBG  to  scale  its 
size,  and  adjustments  must  be  made  for  the  separation  between  the  strip  dipole  and 
the  EBG  surface  in  order  to  compensate  for  the  dielectric  effects,  but  it  is 
recommended  to  use  thin  dielectrics  where  possible. 

Vias  are  an  alternative  to  mitigate  dielectric  effects.  Their  presence  reduces  the 
coupling  between  the  patches,  producing  less  capacitance  and  a  more  inductive 
load,  but  the  biggest  impact  is  the  more  uniform  current  distribution  brought  about 
by  direct  paths  for  current  to  flow.  Without  vias,  the  strip  dipole  produces  greater 
current  on  the  EBG  edges  that  are  parallel  to  itself  than  on  the  EBG  edges  that  are 
orthogonal.  The  direct  current  paths  introduced  by  the  vias,  allow  current  to 
distribute  more  uniformly  on  the  patches,  thereby  increasing  the  aperture  efficiency 
and  reducing  the  pattern  distortion.  However,  vias  are  not  necessary  unless  thick 
substrates  or  high-dielectric  constants  are  used. 

The  frequency  dependent  behavior  of  the  EBG  phase  suggests  that  at  frequencies 
in  the  positive  phase  regime  the  EBG  appears  pseudo-PEC  and  in  the  negative 
phase  regime  appears  pseud- AMC.  Eor  all  of  the  EBG  designs  studied,  the  90°  ± 
45°  EBG  bandwidth  recommended  in  Yang  and  Rahmat-Samii  (2003)  was  not 
appropriate.  The  0°  ±  45°  EBG  bandwidth,  however,  was  much  more  accurate  when 
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extracted  from  the  scattered-phase  when  including  the  terminated  strip  dipole.  The 
simulation  results  from  this  report  may  or  may  not  be  applicable  to  more 
complicated  antenna  structures,  further  investigation  is  necessary. 

To  design  a  basic  EBG,  this  report  found  that  the  patch  widths  should  be  about 
Some  authors  use  smaller  patches  near  but  in  terms  of  the  wavelength  in  the 
dielectric,  the  patch  width  is  closer  to  The  gap  width  should  be  at  least  an  order 
of  magnitude  smaller  than  the  patch  width  and  even  smaller  for  further 
improvements  in  antenna  impedance  bandwidth.  The  thickness  should  be  where 

Id  is  the  wavelength  in  the  dielectric,  with  thinner  substrates  reducing  the 
impedance  bandwidth  (Yang  and  Rahmat-Samii  2003). 

These  physical  parameters  are  specific  to  a  square  patch  EBG  and  are  dependent 
on  the  wavelength  in  the  dielectric,  not  the  free  space  wavelength.  It  is  typical  to 
find  design  parameters  for  EBGs  in  the  literature  that  base  the  physical  features  on 
the  free  space  wavelength  rather  than  the  dielectric  wavelength.  This  can  be 
misleading,  because  it  is  expected  that  the  design  wavelength  would  correspond  to 
the  frequency  where  zero-phase  occurs  in  the  reflection-phase,  but  more  often  than 
not,  the  actual  zero-phase  occurs  at  a  higher  frequency.  The  number  of  unit  cells  to 
use  depends  on  the  application  of  the  EBG.  More  unit  cells  result  in  a  larger 
aperture,  increasing  the  gain,  but  this  will  eventually  saturate.  Removing  certain 
unit  cells  can  greatly  reduce  the  physical  area  of  the  EBG,  but  will  also  reduce  the 
realized  gain.  Any  modifications  made  to  the  EBG  will  be  entirely  dependent  upon 
the  application  and  desire  of  the  antenna  engineer. 

The  follow-up  investigation  to  this  report  is  to  apply  the  EBG  design  parameters 
and  analysis  to  an  antipodal  dipole  through  simulation  and  measurement.  The 
antipodal  structure  was  previously  validated  through  measurements  and  showed 
good  performance  (McCormick  2014).  The  advantage  of  the  antipodal  structure  is 
that  it  allows  for  the  use  of  a  microstrip  feed  that  will  prevent  needing  to  feed  the 
dipole  through  the  EBG  structure.  The  challenge  will  be  the  impact  that  the  EBG 
surface  will  have  on  the  microstrip  feed,  which  will  be  loaded  by  the  EBG 
inductance.  Additional  modifications  may  be  necessary  in  order  to  optimize 
performance,  but  the  goal  is  to  achieve  a  low-profile  antipodal  dipole  EBG  structure 
that  can  be  easily  fed. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


AMC 

artificial  magnetic  conductor 

CM 

circuit  model 

CST 

Computer  Simulation  Technology 

EBG 

electromagnetic  band  gap 

E-field 

electric  field 

ESS 

frequency  selective  surface(s) 

HESS 

high-frequeney  structural  simulator 

HIS 

high-impedance  surfaces 

IT 

Image  Theory 

MoM 

method  of  moments 

NEE 

near  electric  field 

NE 

near  field 

PBC 

periodic  boundary  condition(s) 

PEC 

perfect  electric  conductor(s) 

PMC 

perfect  magnetic  conductor 

TDED 

time-domain  finite-difference 

TE 

transverse  electric 

TEM 

transmission  line  model 

TM 

transverse  magnetic 
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